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ABSTRACT 
The Shonkin Sag laccolith (MT) is a differentiated mafic igneous body that concordantly 
intruded into undeformed Cretaceous sandstones at 50 Ma. Erosional processes have produced a 
cross-section-like exposure of the laccolith on the resulting cliff wall, revealing the base, roof, 
and eastern contact of the laccolith where it transitions to fringing sills. Previous researchers 
used this site to document fractionation and crystal settling and concluded that for a magma 
chamber the size of the Shonkin Sag laccolith to have formed and differentiated, it must have 
been emplaced in a single pulse. This conclusion contradicts more recent studies, which show 
that many plutons are emplaced in multiple small pulses over time. 
By using a combination of six different methods, we show that the rapidly cooled margin 
of the laccolith and fringing sills preserves evidence of magma emplacement. Data from the 
eastern contact between the laccolith and fringing sills reveal evidence for internal contacts and 
large zones of solid-state deformation indicative of multiple emplacement pulses. Anisotropy of 
magnetic susceptibility, thin section analyses, image analyses, and thermal models support these 
observations. The combined data indicate that a minimum of seven pulses of magmatism must 
have occurred over ~3 years, while total cooling of the laccolith to the solidus would have 
occurred over ~21 years, during which the laccolith would have differentiated.  
The detailed study of small intrusions such as the Shonkin Sag laccolith and its fringing 
sills provide insight into the emplacement processes of magma in active volcanic systems. These 
include the 1980 Mt. St. Helens, USA cryptodome and the rapidly emplaced laccolith during the 
2011 eruption of Cordón Caulle, Chile, both of which caused extensive ground deformation over 
the course of a few weeks to months.
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CHAPTER 1.    INTRODUCTION 
The understanding of magma emplacement processes within the Earth’s crust has been 
rapidly advancing over the last few decades, with most research utilizing information gained 
from fossilized magma chambers (Coleman et al., 2004; de Saint Blanquat et al., 2011; Morgan 
et al., 2013; McCarthy et al., 2014). More recently, research on active ground deformation has 
aided in determining how shallow magma bodies emplace (Castro et al., 2016; Mattsson et al., 
2018). The combined results of research on fossilized magma chambers and active volcanic 
systems has shifted the accepted model of magma emplacement from the single-pulse, diapiric 
model (Ramberg, 1972; Cruden, 1990; Paterson and Vernon, 1995) to one in which the 
incremental amalgamation of small volumes of highly pressurized magma is dominant. The 
single-pulse, diapiric model provides a simplistic and easily conceptualized approach to magma 
emplacement, as it allows for magma emplacement via the diapiric ascent of a large body of 
magma (Ramberg, 1972). The model has many limitations though, the most prevalent being that 
the magma body rapidly loses heat to the surrounding country rock and typically crystallizes 
before rising above the mantle or lower crust (Paterson and Vernon, 1995; Glazner and Coleman, 
2004). The diapiric model also does not provide a viable mechanism for the body of magma to 
displace the country rock as it ascends and emplaces. The diapir is not connected to a deeper 
magma source, so it must ascend due to buoyancy contrasts with the surrounding rock (Ramberg, 
1972). The multiple-pulse model solves this problem by intruding small volumes of magma 
along weaknesses in the crust fed by feeder dikes, gradually displacing the country rock until a 
large magma body has accumulated (Coleman et al., 2004; Glazner and Coleman, 2004; Annen 
et al., 2015). The feeder dikes, which remain connected to a deep source, are able to ascend to 
the upper crust due to high magma pressures within the upper mantle or lower crust. 
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While the two opposing models had been debated for decades, it was not until studies 
based on field and geochronological data showed evidence for incremental assembly that the 
multiple-pulse model became more widely accepted (Coleman et al., 2004; Miller, 2008; 
Leuthold et al., 2012). Multiple studies have since been conducted and provide evidence for 
incremental magma emplacement, such as observed internal contacts between separate pulses of 
magma and mapping magmatic flow fabrics to reveal how the magma emplaced (Morgan et al., 
2008; McCarthy et al., 2014). Furthermore, studies combining field, petrologic, geochronologic, 
and geophysical data show that the incremental emplacement model better fits observed data 
than the single-pulse model in many cases (De Saint Blanquat et al., 2011; Annen et al., 2015). 
 Shallow (< 5 km) magma intrusions such as sills, dikes, and laccoliths have the potential 
to cause large amounts of ground deformation and may even trigger volcanic eruptions, such as 
the cryptodome which instigated the 1980 Mt St Helens eruption (Lipman and Mullineaux, 
1981). Synthesized studies, like those presented by Morgan et al. (2013) and Mattsson et al. 
(2018), revealed the emplacement histories of fossilized shallow magma chambers by using 
structural methods, such as determining the direction of magma flow from anisotropy of 
magnetic susceptibility analyses, locating emplacement features using field observations and 
bulk magnetic susceptibility, and studying in detail the deformation in the wall rocks and tying 
the flow patterns of the magma within the pluton to that deformation. These studies argue that 
these shallow magma bodies form by the accumulation of small volumes of magma which 
intrude in a sill-like nature and then inflate with additional increments of magma. Recent 
observations of high resolution ground deformation due to the rapid emplacement of low 
volumes of magma support this idea (Castro et al., 2016; Le Mevel et al., 2016). While these 
recent intrusions help provide time constraints over which the emplacement events occur, it is 
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not feasible to accurately determine the emplacement mechanisms of these events since these 
magma bodies remain at depth. However, this is possible by determining how fossilized magma 
chambers formed based on the emplacement features they have preserved.  
The Shonkin Sag laccolith (SSL) is located in north-central Montana and is a low 
volume, shallow laccolith emplaced into flat lying sandstone with no regional deformation. Since 
the SSL emplaced into flat lying sediments and was not subsequently deformed, it displays a 
simple, oblate, flat-topped laccolith morphology (Figure 1, Figure 2). This lack of regional 
deformation makes it an ideal site to study the mechanics of laccolith emplacement and the 
simplistic geometry reduces the number of variables needed to understand the deformation 
associated with emplacement processes. Previous researchers (Weed and Pirsson, 1894, 1901; 
Osborne, 1931; Larsen et al., 1935; Barksdale, 1937, 1952; Hurlbut, 1939; Edmond, 1976; 
Congdon, 1991) focused on the interior of the laccolith, studying the possibility of crystal 
settling in the formation of differentiated layers. In doing so, most researchers ignored evidence 
of deformation and emplacement features preserved in the more rapidly cooled margins of the 
laccolith, with the exception of Hurlbut (1939), who developed a simple structural model for 
uplift. These prior researchers hypothesized that the SSL emplaced in one pulse due to the 
interior of the laccolith having differentiated from a singular, originally homogenous magma 
body into layers of different composition and texture. While this model contradicts the currently 
supported model of magma chamber emplacement in multiple pulses, for a laccolith the size of 
the SSL, it is not unreasonable. By further examining the margins of the laccolith though, where 
rapid cooling occurred and emplacement features were preserved, it is possible to determine 
whether the laccolith emplaced in one pulse or in multiple pulses.  
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This thesis addresses the paradox of the SSL, which has been described as being 
emplaced in one pulse in order to explain the crystal settling and differentiation into distinct 
compositional layers. We show based on the solid-state deformation preserved in the margins 
that the laccolith did not emplaced in one pulse, as predicted by previous researchers, but rather 
in a minimum of seven pulses. This observation gives us further insight into how small magma 
bodies such as the SSL emplace, and the time scales over which these processes occur. To do so, 
we apply a combination of field observations, thin section analyses, rock magnetic analyses, and 
thermal models to determine a comprehensive emplacement and cooling history for the SSL.  
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Figure 1: Regional map of the area northeast of the Highwoods Volcanic Center, showing the 
volcanic center’s nine associated laccoliths. Figure modified from Hurlbut (1939). 
6 
Figure 2: Geologic map and cross-section of the Shonkin Sag laccolith. Figure modified from 
Barksdale (1937). 
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CHAPTER 2.    GEOLOGIC SETTING 
Regional Geology 
The Shonkin Sag laccolith (SSL) is a mafic, hypabyssal, differentiated intrusion located 
in north-central Montana (Figure 1). The laccolith is ~ 70 m thick, ~ 2.7 km in diameter, and 
displays the morphology of a flat-topped, circular, sheet-like intrusion (Figure 2) (Weed and 
Pirsson, 1894, 1901; Osborne, 1931; Larsen et al., 1935; Barksdale, 1937, 1952; Hurlbut, 1939; 
Edmond, 1976; Congdon, 1991). The laccolith is observed transitioning to fringing sills on its 
eastern side, where the laccolith terminates in a ‘stairstep’ pattern, and five fringing sills begin 
and continue east. We call the laccolith margin and fringing sill contact the ‘sill-laccolith 
transition’, due to the continuous nature of the laccolith with two of the sills. The sills range in 
thickness from 2 – 11 m, and are numbered according to the emplacement model proposed by 
Hurlbut (1939) (Figure 3). Two of the sills connect with the laccolith, but the other three are 
truncated on their western side by faults, separating them from the laccolith.  
Located northeast of the Highwood Volcanic Center, the SSL and its fringing sills were 
emplaced along with eight other laccoliths displaying various stages of development into the 
near-flat lying Cretaceous Eagle sandstone (Larsen et al., 1935). The Highwood Volcanic 
Center, which consists of alkaline stocks and volcanic masses, was likely sourced from the same 
deep melting source as the source for the SSL and the other associated laccoliths. We refer the 
reader to Larsen (1941) for a detailed description of the volcanic center. 
The Shonkin Sag is an abandoned tributary of the Missouri River, which was formed by 
post-glacial flood waters (Figure 1) (Hurlbut, 1939). The Shonkin Sag cuts through the SSL, 
forming a cross-section-like exposure along an east-west trending chord on the southern side of 
the circular laccolith (Figure 2). This resulted in a vertical cliff face ~ 70 m high, 1.5 km wide, 
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exposing the top and bottom contacts of the laccolith, as well as its differentiated layers (Figure 
2). The cliff exposure continues east away from the center of the laccolith to where the laccolith 
transitions into fringing sills (Figure 3).  
The sill-laccolith transition has been eroded in such a way that the laccolith and fringing 
sills meet at a 90⁰ angle, cutting a notch pointing north into the cliff face in map view (Figure 2). 
This geometry is due to erosional processes accelerating along inherent weaknesses: the contact 
between the circumferential margin of the laccolith, which is highly faulted and fractured, and 
radial faults (faults orientated parallel to radii from the center of the laccolith outward) that pass 
outward into the country rock. Preferential erosion along the radial faults in the country rock 
allowed exposure of a kinematic cross-section of the fringing sills at the transition (Figure 4). 
The kinematic cross-section is the plane that lies parallel to the main direction of motion. In this 
case, the kinematic cross-section is vertical and oriented radially to the center of the laccolith, as 
magma is assumed to have been sourced from a central conduit and emplace radially outward. 
Petrology 
Previous studies utilized the simple geometry and excellent exposures of the SSL 
primarily to study laccolith emplacement and differentiation processes, with particular emphasis 
on the later (Weed and Pirsson, 1894, 1901; Osborne, 1931; Larsen et al., 1935; Barksdale, 1937, 
1952; Hurlbut, 1939; Edmond, 1976; Congdon, 1991). These studies are summarized by 
Congdon (1991), and to avoid redundancy, we recommend his paper if more information is 
desired. Based on this prior research, Congdon (1991) determined that the laccolith differentiated 
via crystal settling. The distinct layers that resulted from bottom to top of the laccolith are as 
follows: a chilled margin (CM), the lower shonkinite, a transition rock (TR), a syenite, and the 
upper shonkinite (Figure 5). We follow the nomenclature set by Congdon (1991).  
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Figure 3: Top – Image of the south-eastern margin of the Shonkin Sag laccolith looking north, 
showing the cliff exposure of the laccolith (left) transitioning into fringing sills (right). Block 
sample locations are marked and numbered in white. The top-right inset shows a close-up of the 
top of the laccolith, while the bottom-left inset shows the location of this outcrop on a sketch of 
the location and orientation of the cliff-face with reference to the center of the laccolith. Bottom 
– Sketch of the photo above showing the major faults and contacts. The varying shades of grey
represent the different levels of deformation observed, with the darkest grey being the highest
level of deformation and the lightest grey the lowest.
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Figure 4: Drone image perpendicular to the fringing sill wall, and thus perpendicular to the 
kinematic cross section of the fringing sills. The bottom-left inset shows the location of this 
outcrop on a schematic of the laccolith. 
Detailed petrographic studies of the different rock types have been described in depth by 
previous researchers (Barksdale, 1937; Hurlbut, 1939; Nash and Wilkinson, 1970; Congdon, 
1991), therefore, we provide only a brief description of the rock types and refer to them for 
further detail. As Congdon (1991) states, all the rock types observed at the SSL are 
mineralogically similar due to them being derived from the same melt. It is assumed that the CM 
represents the initial magma that emplaced the SSL and formed by rapid cooling of magma. It 
comprises a layer along the bottom contact and the margins of the laccolith, as well as the 
fringing sills, and is believed to be the original melt composition, which crystallized before any 
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possible alteration due to differentiation and crystal settling (Congdon, 1991). The CM contains 
phenocrysts of pseudoleucite, diopside, and olivine suspended in a fine-grained, magmatic 
groundmass. The CM then transitions into the lower shonkinite, which exhibits a cumulate 
texture and increases in diopside upwards due to the accumulation of denser mafic phenocrysts 
that sank from the overlying magma. The lower shonkinite then transitions into the TR, a 
pegmatitic syenite characterized by large radial diopsides and biotites, which is predicted to be 
the residual melt derived from the cooling of the lower shonkinite. Unlike the CM and the 
shonkinite layers, the TR does not extend to the margins of the laccolith, but instead terminates 
approximately 150 m away from the margin. The syenite overlies the TR, forming a sharp 
contact. The syenite is light-grey with a cumulate texture and was formed as mafic phenocrysts 
sank down to the lower shonkinite layer, and leucite phenocrysts floated to the top, giving it the 
composition of the groundmass of the CM plus accumulated leucite phenocrysts. It is lens 
shaped, and like the TR, does not reach the margins of the SSL. The syenite abruptly transitions 
into the upper shonkinite, which, like the lower shonkinite, exhibits a cumulate texture. Unlike 
the lower shonkinite though, it decreases in diopside downwards, as mafic phenocrysts sank out 
of the layer into the lower layers. 
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Figure 5: A generalized section of the SSL, providing the average height, names, and description 
of the five main rock types. The bolded names are the names used in this paper, while the 
superscript indicates the term preferred by previous researchers. (1Used by all, 2Used by 
Congdon (1991), 3Used by Hurlbut (1939), 4Used by Barksdale (1937)) 
Emplacement History 
Congdon (1991) confirmed that crystal settling was the cause of differentiation at the 
SSL by utilizing the concept of mass balance. His research shows that crystals sank from the 
upper shonkinite and syenite, those layers forming anti-cumulates, and settled into the lower 
shonkinite, which formed a cumulate layer. The cumulate textures observed convinced prior 
researchers, including Congdon, of a differentiation model requires that the entire SSL be above 
the solidus prior to differentiation, leading researchers to argue that the SSL and its fringing sills 
emplaced in one pulse. The basal and marginal contacts of the laccolith and fringing sills rapidly 
cooled forming the CM, while latent heat from the intrusion kept the magma chamber hot 
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enough to remain above the solidus. As the cooling fronts moved inwards from the margins of 
the laccolith, the upper and lower shonkinite slowly crystallized. During this time, crystal settling 
caused denser, mafic minerals (mostly diopside and to a lesser extent olivine and leucite) to sink 
from the base of the upper shonkinite into the top of the lower shonkinite, and a phenocryst 
depleted melt developed, forming the syenite layer. As the crystal settling and cooling process 
continued, the melt continued to segregate and cool, until the highly mafic uppermost portion of 
the lower shonkinite cooled, leaving the remaining felsic liquid from the lower shonkinite was 
forced upward to form the TR.  
Previous research of the SSL also constrained the timing, depth, and temperature of 
emplacement of the laccolith. The SSL is estimated to have emplaced 50 Ma into the near-flat 
lying Eagle sandstone at 1 km depth (Marvin et al., 1980). Congdon (1991) was able to 
determine the liquidus (1240 °C), solidus (~1000 °C) and maximum intrusion temperature 
(~1140 °C) of the magma that formed the SSL from experimental melting of the CM.  
The compelling evidence and differentiation model proposed by Congdon (1991) 
provides a strong argument for a one-pulse model. But the argument for the magma to emplace 
in one pulse leaves features unaccounted for. These include the lack of a CM at the top of the 
laccolith, the existence observed internal contacts, thrust faults which emanate from some of the 
internal contacts, and the geometries of the fringing sills and presence of solid-state deformation 
with the CM of the laccolith.  
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CHAPTER 3.    FIELD OBSERVATIONS 
Preliminary Field Work 
Reconnaissance field work was conducted for two days in October 2018 to determine 
whether the Shonkin Sag laccolith (SSL) in Geraldine, MT would be a suitable site to study 
laccolith and sill emplacement. This field outing also served to determine which methods would 
be viable to use at this location. We collected samples and made observations along transects at 
the base of the cliff face, walking from the just west of the laccolith margin to east of the margin 
where the laccolith transitions to fringing sills. Four oriented block samples were collected for 
anisotropy of magnetic susceptibility (AMS) and for thin sections. General field observations 
such as fabric and rock type characterization were documented, and faults and crosscutting 
relationships were described.  
The second day was spent visiting the Lost Lake laccolith, located 30 km away, for the 
same purposes. The Lost Lake laccolith, while having potentially more and better exposures of 
the laccolith to sill transition, is much harder to access and has been studied significantly less 
than the SSL, making it a less ideal field site compared to the SSL. 
Results from the preliminary field work indicate that the SSL would be a suitable site for 
the intended studies. The field observations were promising in that they displayed obvious 
evidence of preserved emplacement features, such as solid-state deformation. In addition, the 
AMS samples and thin sections showed strongly oriented fabrics, which could potentially be 
used to determine the direction of magma flow when the intrusion emplaced.  
Field Work 
In May 2019, we went to the SSL for ten days to conduct field work. We were able to 
collect samples and make detailed observations along the base of cliff exposure of the laccolith 
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and fringing sills, and along the margin of the laccolith by rappelling down the cliff face (Figure 
3). We focused our sampling and observations around the sill-laccolith transition, which we 
define as the vertical, ‘stepped’ contact between the laccolith and the country rock and fringing 
sills (Figure 3, Figure 4). Furthermore, we refer to these ‘steps’ from top to bottom, with the 
highest step referred to as ‘Step 1’, the second highest as ‘Step 2’, the third, which connects with 
sill No. 3 as ‘Step 3’, and the bottommost step, above sill No. 1, as ‘Step 4’ (Figure 3). 
The detailed field observations included describing different fabrics, rock types and 
textures represented in the laccolith and fringing sills and making note of any folding and 
faulting in the intrusions and country rock. We also characterized the observed contacts between 
the igneous rock and country rock, as well as internal contacts within the laccolith and fringing 
sills.  
We collected 50 oriented block samples from the laccolith, sills, and the sill-laccolith 
transition for AMS and thin section analyses. The samples were collected at regular intervals and 
in areas of high interest, such as the top, interior and base of the laccolith margin, the transition 
to the fringing sills, and along transects at the base of the accessible sills. Sample collection was 
heavily influenced by the accessibility and quality of the rock. In many locations, the rock was 
too deformed and too weathered to collect samples. Table 5 in the Appendix contains 
information regarding the location of each sample, and the analyses used on the sample. 
Field Observations 
Internal Contacts and Magma Mingling  
Two types of internal contacts (contacts within the laccolith) were observed during 
fieldwork, as well as evidence for magma mingling. The internal contacts are referred to as 
margin-parallel contacts and fault-contacts. They both rapidly disappear approximately 50 m 
away from the sill-laccolith transition as they are mapped further into the laccolith. 
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A margin-parallel contact can be described as a discrete, planar contact that is parallel to 
the nearest igneous-country rock contact. This type of contact was observed near the top of the 
laccolith, 2 m below the laccolith-country rock contact, at the base of the laccolith, 3 m above its 
basal contact, in sill No. 1, 3 m above the sill’s basal contact, and in sills No. 3 and 5 (Figure 3, 
Figure 6a,b,c). At the top of the laccolith and in sills No. 1, 3, and 5, the contact separates an 
overlying, pervasively deformed, weathered, hydrothermally altered igneous rock from an 
underlying, fresher and less deformed igneous rock (Figure 6a,b,c). At the base of the laccolith, 
the contact is much more subtle, separating two very similar igneous rocks with two different 
cooling textures, the underlying being a porphyritic rock with an aphanitic groundmass, and the 
overlying being a porphyritic rock with a phaneritic groundmass.  
The fault-contacts are characterized by a fault plane with slickenlines or polished surfaces 
with striations trending to the NW, parallel to a line oriented towards the center of the laccolith. 
A total of seven of these contacts were observed. The highest was located 10 m below the top of 
the laccolith near the sill-laccolith transition, and the lowest 10 m lower (Figure 3, Figure 6d,e,f). 
They separate zones of fractured, hydrothermally altered, and weathered igneous rock above and 
below from an interior zone of relatively unweathered and undeformed igneous rock. Between 
upper- and lowermost contacts, five more fault-contacts were observed, separating relatively 
nonweathered and undeformed igneous rocks that had differing cooling textures, spaced 
approximately two meters apart. 
Magma mingling is observed within the relatively unweathered and undeformed zone 
bound by fault-contacts described above, beginning ~ 30 m to the west of the transition (Figure 
7a,b). 5 – 10 cm sized blocks of granitic-textured shonkinite are mingled with 2 – 3 cm thick 
bands of porphyritic rock with a similar texture and composition as the CM (Figure 7a,b).   
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Figure 6: Field photos of observed features at the SSL. A) The top contact of the laccolith near 
the sill-laccolith transition, displaying the top 2 m of the laccolith which experienced high levels 
of deformation The margin-parallel contact (dashed white line) separates the overlying, more 
deformed rock, from the underlying, less deformed rock, and minor, subvertical tangential faults. 
B) A close-up of the margin-parallel contact (dashed black line) shown in A). C) Sill No. 1 ~ 55
m away from the sill-laccolith transition, showing a margin-parallel contact (dashed black line)
and the termination of the pervasive low angle faults found in this sill. D) A fault-contact surface
bearing slickenlines oriented radially to the laccolith center found 10 m below the top contact of
the laccolith. E) The laccolith side of the field area, looking west. The main thrust fault bearing
polished surfaces and striations oriented radially to the laccolith center (marked in white). F) A
close up of the fault-contacts observed in the laccolith side of the field area, displaying polished
surfaces with striations oriented radially to the laccolith center.
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Figure 7: Field photos of observed features at the SSL. A) Magma mingling observed in the 
laccolith side of the field area. B) Magma mingling observed 10 m below the top laccolith 
contact. C) Drag folds (marked in blue) associated with the main thrust fault (marked in black). 
D) The top contact of the laccolith, displaying both the major and minor, subvertical, tangential
faults (major fault marked by the thick white line, minor faults by the thin white lines, margin-
parallel contact marked by the dashed white line), as well as the margin-parallel contact. E) The
zone of pervasive minor, subvertical, tangential faulting observed in the second step. F) A low
angle fault surface displaying slickenlines oriented radially to the laccolith center found in sill
No. 1.
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Faults and Folds 
Multiple different types of faults were observed in the laccolith, sills, and country rock. 
These include low angle thrust faults found near the middle of the sill-laccolith transition, 
tangential, subvertical major and minor normal faults located near the top of the laccolith, low 
angle faults in sill No. 1, and radial faults located primarily in the country rock. 
The low angle thrust faults the same as the fault-contacts found in the relatively 
unweathered and undeformed zone described previously (Figure 3, Figure 6d,e,f). These faults 
quickly disappear 50 m to the west of the sill-laccolith transition, but the longest of these faults 
joins with the second longest low angle thrust fault, and continues into the country rock, 
displacing sandstone and sills alike for another 30 m (Figure 3, Figure 6e). Along this specific 
fault, which we refer to as the main thrust fault, drag folds can be observed in the sedimentary 
bedding above and below sills No. 2 and 3. Sills No. 2 and 3 are also bent downwards forming 
drag folds along the fault, similar to the drag folds observed in the sedimentary bedding (Figure 
7c). Based on the offset of sill No. 2, 3.6 m of displacement is estimated to have occurred along 
the main thrust fault.   
At the top of the laccolith, both subvertical major and minor faults tangential to the 
laccolith’s perimeter are observed (Figure 6a, Figure 7d,e). There is one major subvertical fault 
observed, which extends from the western termination of sill No. 4 down through the country 
rock and along the right side of the first step of igneous rock, with the laccolith side uplifted 
relative to the fault (Figure 3, Figure 4, Figure 7d). Near the top of the fault, a lens of coherent 
sedimentary layers surrounded by brecciated sedimentary rock on the east side of the fault are 
seen dipping ~ 60⁰ towards the fault, indicating that substantial uplift may have occurred along 
this feature. The amount of displacement along this fault could not be determined due to a lack of 
traceable sedimentary layers. A second major subvertical fault is observed, bounding the right 
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side of the second step of igneous rock (Figure 3, Figure 4). This fault is observed to truncate the 
western side of sill No. 2, and to accommodate ~ 5 m of offset, assuming the base of the 
sedimentary layers on either side of the fault were once level.  
While this major subvertical fault may have accommodated a large amount of 
displacement, pervasive minor normal faults were commonly observed near the top of the 
laccolith, particularly within the top of the first step and the right side of the second step, and 
based on their consistent amounts of minor offset, accommodated significant amounts of 
displacement (Figure 6a, Figure 7d, Figure 7e). These faults dip steeply away from the center of 
the laccolith and exhibit rotational block faulting (Figure 6a). At the top of the laccolith, some 
faults observed in the igneous rock cross-cut the laccolith-country rock contact and propagate 
into the country rock. Most of the faults terminate at the margin-parallel contact 2 m below the 
laccolith-country rock contact. Fault spacing within the igneous rock is between 2 and 15 cm, 
and the faults are defined by a <1 cm thick zone of fault gouge. Offset measurements along these 
faults range between 5 cm and 1.5 m. The similar zone of densely spaced minor faults observed 
on the right side of the second step is even more densely faulted, with faults spaced every 2-5 cm 
(Figure 7e). Offset along these faults are less, ranging between 2 and 10 cm.  
Pervasive low-angle faults and fractures were observed in sill No. 1 (Figure 6c). They 
increase in frequency with proximity to the laccolith and decrease with distance until they 
terminate ~ 55 m away from the sill-laccolith transition. They are commonly oriented ± 30⁰ from 
horizontal, forming 60⁰/120⁰ intersection typical of Andersonian thrust faults. Fault surfaces 
were observed to have slickenlines oriented radially from the center of the laccolith (Figure 7f). 
The exact amount of offset could not be determined along these faults, but it is assumed to be 
minimal, as they do not cause significant displacement in sill No. 1. 
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Large fractures oriented radial to the center of the laccolith were observed in the country 
rock near the top of the cliff face (Figure 3). These features are spaced every 2-3. These fractures 
were likely caused by tensional stresses parallel to the perimeter of the laccolith as inflation 
uplifted and expanded the overlying sedimentary rock. 
Deformation Levels 
To illustrate the degree of solid-state deformation we divide the deformation into five 
separate levels (Figure 3).  
Level 1 is classified as the high deformation zone. Areas classified into this level include 
the section of igneous rock located at the top of the laccolith, between the laccolith-country rock 
contact and the margin-parallel contact located 2 m lower, as well as the right portion of the 
second step. Both of these areas are characterized by densely spaced (2 cm to 15 cm) subvertical 
faults and fractures, with highly fractured spaces of rock between faults. The rock is strongly 
weathered and altered to clays. Centimeter-scale lenses of moderately weathered igneous rock 
seem to ‘float’ within this highly deformed rock. 
Level 2, the zone of moderate to high deformation composes most of the second and third 
step of the sill-laccolith transition, as well as the western side of sill No. 2 and the bottom half of 
sill No.3. Here, faults and fractures are pervasive, but less densely spaced than in Level 1. Larger 
blocks (cm-scale to m-scale) of moderately weathered igneous rocks are found between faults 
and fractures spaced 10 cm to 1 m apart. The igneous rock along the faults and fractures has been 
highly weathered and altered to clays. 
Level 3 is found near the base and top of the laccolith, until it dissipates ~ 50 – 70 m 
away from the sill-laccolith transition. It is also found in sill No. 1, until it dissipates ~ 55 m 
away from the sill-laccolith transition, and in the western portion of sill No. 5. It is dominated by 
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low angle faulting and fracturing but has considerably more unweathered and unaltered lenses of 
igneous rock. Most weathering and alteration are localized along the faults and fractures. 
Level 4 composes the interior zone of the laccolith near the sill-laccolith transition. It is 
bounded by the main thrust fault and the fault contact observed 10 m below the top of the 
laccolith. This level of deformation is defined by large, low angle thrust faults spaced every 1 to 
3 m with slickenlines oriented radially to the laccolith center. The faults quickly dissipate a 
maximum of 50 m away from the sill-laccolith transition. The majority of the igneous rock found 
in areas with this level of deformation is very fresh, with minimal weathering and alteration.  
The final deformation level, Level 5, represents little to no deformation. This level is 
found in areas where the rock is mostly unweathered and unaltered, with no faults or fractures 
with the exception of cooling fractures, which is typically observed as columnar jointing. The 
areas showing this level of deformation include the 5 m thick section above the basal contact of 
the laccolith, the portion of the laccolith more that 50 – 70 m away from the sill-laccolith 
transition, and the portions of the fringing sills more than 2 – 55 m away from the sill-laccolith 
transition.  
Bulk Magnetic Susceptibility 
We collected 149 bulk magnetic susceptibility measurements using the SM-30 Magnetic 
Susceptibility Meter at half – meter intervals along a series of transects. This allowed a map of 
the bulk magnetic susceptibility to be made, illuminating any relationships between a given 
structural or igneous feature and the bulk magnetic susceptibility or spatial patterns. For each 
location, a minimum of five and a maximum of ten measurements were made, then averaged. 
The measurements were taken at the same locations as the block samples, as well in areas where 
block samples could not be taken, due to weathering and deformation. The measurement 
locations were also heavily influenced by accessibility. The bulk magnetic susceptibility 
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measurements were plotted with the magnetic susceptibility calculated from AMS analyses using 
ArcMap on field and drone images of the laccolith and fringing sills. Table 6 in the Appendix 
contains the value of each measurement per location, and Figure 21 the specific locations. 
The bulk magnetic susceptibility measurements taken in the field and magnetic 
susceptibility (Km) measurements taken from the AMS samples show that the magnetic 
susceptibility decreases by up to two orders of magnitude across faults and contacts, confirming 
their presence. The values range from 24.360 x 10 -03 SI units to 0.222 x 10 -03 SI units (Figure 
8). This decrease in susceptibility across faults and contacts can be seen especially well in areas 
displaying Level 1 and 2 deformation. Here, short transects across structural or igneous features 
of bulk magnetic susceptibility show susceptibilities on the order of 1 – 5 x 10 -03 SI units which 
rapidly drop to 0.2 – 0.5 x 10 -03 SI units along the observed faults and internal contact. This 
trend continues in areas showing lower levels of deformation, but the susceptibility is typically 
higher, between 10 – 20 x 10 -03 SI units which drops to around 2.5 – 5 x 10 -03 SI units across 
fault surfaces and contacts. Statistical analyses show that 91% of the bulk magnetic susceptibility 
measurements have a standard deviation (1σ) that lies within 10% of a measurement’s average 
value, while 57% are under 5% of the average value. These data indicates that areas with the 
highest amount of deformation have lower bulk magnetic susceptibilities, with the lowest values 
being along emplacement and deformation features such as contacts and faults, while areas with 
the least amount of deformation have the highest bulk magnetic susceptibility. This verifies the 
presence of multiple deformation zones characterized by differing levels of deformation and 
distinct patterns of faulting and fracturing, as well as the separation of these zones by 
emplacement and deformation features. 
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Figure 8: The bulk magnetic susceptibility measured along transects at the base of the cliff exposure plotted on the lower schematic 
from Figure 3. 
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Displacement Calculations 
Drone footage of the cliff face provides a perpendicular view of the exposure of the 
fringing sills (Figure 4). Radial fracturing and faulting within the country rock allowed 
preferential erosion perpendicular to a kinematic cross-section for these fringing sills, making 
this exposure extremely valuable in reconstructing the emplacement order of the sills. We were 
able to use the sill and laccolith thicknesses, offset along faults, and up-bending in the fringing 
sills to determine the amount of uplift on the laccolith side of the transition versus the sill side of 
the transition, the difference of which would be the amount of offset experienced along the 
major, subvertical, tangential fault discussed previously (Table 1, Figure 7d). All values are 
rounded to the nearest meter due to the variability in the sills and laccolith’s thicknesses. 
To determine the total uplift on the sill side of the transition, we determined the 
cumulative thicknesses of the fringing sills, as well as the amount of displacement due to up-
bending of the overlying country rock and to thrusting along the main thrust fault. The up-
bending in the overlying country rock was likely caused by uneven inflation of sill No. 1, which 
increased in thickness by 3 m with proximity to the laccolith. Displacement due to up-bending 
was determined by measuring the height change in sill No. 1 proximally and distally from the 
sill-laccolith transition, while the displacement due to thrusting was determined by using the 
offset observed in sill No. 2. The combined value of displacement on the sill side of the sill-
laccolith transition was corroborated by calculating the total displacement by using the amount 
of offset using sill No. 4 as a datum, as the sill is upturned due to up-bending and thrusting. The 
change in elevation of sill No. 4 yields the same value as the combined value of displacement 
determined from the inflation of sill No. 1 and the offset in sill No. 2. The cumulative sill 
thickness next to the sill-laccolith transition, which is 19 m, combined with the cumulative 
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displacement due to up-bending and thrusting (9 m), indicates that the total amount of uplift on 
the sill side of the transition is 28 m.  
The total amount of uplift on the laccolith side of the transition next to the major, 
subvertical, tangential fault is equivalent to the laccolith’s height, which is 36 m. The difference 
between the uplift experienced on the sill side and the laccolith side is 8 m, which indicates that 
there was 2.5 times the amount of displacement along the major, subvertical tangential fault than 
predicted by (Hurlbut, 1939).  
Table 1: Displacement calculations for offset accommodated by the major, subvertical tangential 
fault based on the sill thicknesses and displacement due to inflation and thrusting. 
Sill Thicknesses 
  No. 1 (Distal) 9 m 
  (Proximal) 12 m 
  No. 2 3 m 
  No. 3 2 m 
  No. 5 2 m 
  Cumulative Sill Thickness (Proximal) 19 m 
Displacement Due to Up-Bending and Thrusting 
  Up-Bending Due to Sill No. 1 Inflation 3.0 m 
  Displacement Due to the Trust Fault 6.0 m 
  Cumulative Displacement Due to Inflation and Thrusting 9.0 m 
Total Uplift on Sill – Side due to Sill Emplacement, Inflation and Thrusting 28 m 
Total Uplift on Laccolith-Side due to Laccolith Emplacement 36 m 
Displacement Along the Tangential Fault 8 m 
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CHAPTER 4.    ROCK FABRIC AND MAGNETIC ANALYSES 
Thin Sections 
A total of 33 thin sections were made from a selection of the 50 block samples collected 
from the field, 31 of which were oriented. The oriented thin sections were made in order to study 
the general composition and texture of the rock, the  deformation, as well as to determine the 
dominant magnetic mineral for magnetic analyses, and to study the phenocrysts orientation to 
determine the orientation of any magmatic fabrics. The oriented block samples were cut into 
oriented billets using oil, brick, and tile saws at Iowa State University. They were cut along the 
average observed lineation trend, in a vertical plane looking North (325 degrees), which is also 
the plane of the kinematic cross-section. The unoriented samples were cut into billets that best-
preserved features of interest, such as fault gouge, fault surfaces, and various types of internal 
contacts observed within the laccolith.  The samples used for thin sections were chosen based on 
the quality of the block sample. Some of the samples were too weathered or deformed to cut into 
billets, or the sample was too small to be used for both thin section and AMS analyses. In 
addition, they were also chosen so that there was an even distribution of thin sections from 
across the study area. Detailed notes on the location and composition of each thin section can be 
found in Table 1 in the Appendix. 
Rock Composition, Fabrics and Textures 
Observation of the thin sections under an optical microscope reveal that the rock type is 
predominately CM and shonkinite. The textures vary from porphyritic with a fine-grained matrix 
near the rapidly cooled, deformed margins to porphyritic with a medium-grained matrix near the 
less deformed interior. They all contain sub-mm to 3 mm diopside, biotite and pseudoleucite 
phenocrysts oriented in a magmatic matrix, which exhibits the flow fabrics formed as the magma 
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emplaced. Thin sections from areas showing Level 1 deformation contain fractured, subhedral 
phenocrysts in a very fine-grained matrix (Figure 9a,b). Both the phenocrysts and the matrix in 
these samples are highly weathered and altered. Thin sections from areas displaying Level 2 
deformation are pervasively weathered and altered, and contain fractured, subhedral phenocrysts 
oriented in a fine-grained matrix (Figure 9c,d). Samples exhibiting Level 3 deformation with 
fractured, euhedral phenocrysts oriented in a very-fine grained matrix. Samples with this level of 
deformation show moderate amounts of weathering and alteration (Figure 9e,f). Samples with 
Level 4 deformation show two distinct textures, one porphyritic with a very fine-grained matrix 
and the other porphyritic with a medium-grained matrix ((Figure 9g,h,i,j). Both exhibit euhedral 
phenocrysts, and low amounts of weathering and alteration. Thin sections from areas showing 
Level 5 deformation vary from porphyritic with a fine-grained matrix to porphyritic with a 
medium-grained matrix (Figure 9k,l). They contain euhedral phenocrysts and show minimal to 
no weathering and alteration.  
Magnetic Mineralogy 
The thin sections were observed under microscope using reflected light to confirm the 
dominant magnetic mineral for AMS and bulk magnetic susceptibility analyses. Magnetite was 
observed to be the dominant magnetic mineral in the thin sections, commonly presenting itself as 
a primary mineral embedded in the matrix. It is often observed altering to hematite, and shows 
considerable amounts of weathering, particularly in areas with deformation Levels 1 and 2 
(Figure 10a,b). In areas with less deformation, such as Levels 3, 4 and 5, magnetite is still 
observed altering to hematite, but it is less common, and the minerals are often not as weathered 
(Figure 10c,d,e). In both cases, alteration of magnetite to hematite was observed to increase with 
proximity to faults and fractures. Sulfides including pyrite and pyrrhotite were also found in the 
samples as both primary and secondary minerals. The most common was pyrite, which was 
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observed as a primary mineral throughout the laccolith and sills, but secondary pyrite which was 
observed growing along fractures in diopside phenocrysts was only observed in highly deformed 
areas (Figure 10f).  
Features of Interest 
The unoriented thin sections made to observe features of interest in greater detail were 
studied under the optical microscope. The thin section from sample 7 exhibits the fault gouge 
from a subvertical, tangential fault observed near the top of the laccolith (Figure 11a,b). It shows 
a homogenous, fine grained matrix of a similar composition to the magmatic matrix seen in 
nearby samples. The thin section from sample 27, which was taken from the top of the zone 
exhibiting Level 4 deformation, shows a change in lithology between two rock types (Figure 
11c,d). In thin section, it can be observed that this contact is gradational, with larger phenocrysts 
crossing the contact, indicative of magma mingling. The thin section from sample 29, taken from 
3 m below 27 along one of the observed fault-contacts, exhibits an extremely sharp contact in 
which one side of the contact has experienced increasing cataclasis and grain size reduction with 
proximity to the contact, indicating that the contact surface is a fault plane (Figure 11e,f,g,h). A 
vein grew along the fault plane between the deformed and undeformed rocks. 
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Figure 9: A) A plane-polarized (PPL) microphotograph of sample 4, exhibiting level 1 deformation. B) A cross-polarized (XPL) 
microphotograph of sample 4, level 1 deformation. C) A PPL microphotograph of sample 18, level 2 deformation. D) An XPL 
microphotograph of sample 18, level 2 deformation. E) A PPL microphotograph of sample 33, level 3 deformation. F) An XPL 
microphotograph of sample 33, level 3 deformation. G) A PPL microphotograph of sample 27, porphyritic rock type with a very fine-
grained matrix, level 4 deformation. H) An XPL microphotograph of sample 27, porphyritic rock type with a very fine-grained matrix, 
level 4 deformation. I) A PPL microphotograph of sample 27, porphyritic rock type with a medium-grained matrix, level 4 
deformation. J) An XPL microphotograph of sample 27, porphyritic rock type with a medium-grained matrix, level 4 deformation. K) 
A PPL microphotograph of sample 47, level 5 deformation. L) An XPL microphotograph of sample 47, level 5 deformation. 
 
Figure 10: Microphotographs of oxides and sulfides observed in thin sections of varying deformation levels under a reflected light 
microscope. A) A weathered magnetite grain altering to hematite from sample 4, which experience level 1 deformation. B) Magnetite 
and hematite observed in sample 18, which experience level 2 deformation. C) A lightly weathered magnetite grain altering to 
hematite from sample 33, which experience level 3 deformation. D) A lightly weathered magnetite grain altering to hematite from 
sample 27, which experience level 4 deformation. E) A subhedral magnetite grain altering to hematite from sample 47, which 
experience level 5 deformation. 5) Secondary pyrite grown along fractures within a diopside phenocryst observed in sample 4.  
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Figure 11: A) A PPL microphotograph of fault gouge from a minor, subvertical, tangential fault from the highly deformed zone within 
2 m under the top contact of the laccolith (sample 7). B) An XPL microphotograph of fault gouge from a minor, subvertical, tangential 
fault from the highly deformed zone within 2 m under the top contact of the laccolith (sample 7). C) A PPL microphotograph of a 
magma mingling contact (dashed white) between two igneous rocks with differing textures from sample 27. D) An XPL 
microphotograph of a magma mingling contact (dashed white) between two igneous rocks with differing textures from sample 27. E) 
A PPL microphotograph of a fault-contact (vertical) separating two differently textured rocks. F) An XPL microphotograph of a fault-
contact (vertical) separating two differently textured rocks. G) A PPL microphotograph of a fault-contact (horizontal) separating two 
differently textured rocks, showing the highly fractured phenocrysts in the underlying rock. H) An XPL microphotograph of a fault-
contact (horizontal) separating two differently textured rocks, showing the highly fractured phenocrysts in the underlying rock. 
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Curie Point Estimates 
To confirm the presence of magnetite as the dominant magnetic mineral, Curie Point 
thermal analyses were used to characterize the change in magnetic susceptibility with increasing 
and then decreasing temperature. Five samples (4, 28, 34, 44, 46, Figure 3) were taken from 
different regions of the laccolith and fringing sills, all showing various textures and deformation 
levels, and ground into a fine powder for the analysis. The samples were analyzed using a 
AGICO Kappabridge KLY-3S susceptibility unit with a CS-4 furnace assembly at the University 
of Texas – Dallas and plotted using the application Cureval8 (Figure 12). 
All the samples show a distinct and abrupt drop in susceptibility after 500 ⁰ C and 
decreases in the drop-off rate around 600 degrees ⁰ C. Pure magnetite will display a significant 
drop at 580 ⁰ C, but that temperature will decrease with increasing Ti substitution for Mg, as in 
titanomagnetite. The heating curves produced indicate that the dominant magnetic mineral is 
magnetite, with some samples containing titanomagnetite, which in agreement with what was 
observed in thin section. Sample 28 displays a peak around 270 degrees °C on the heating curve, 
but is absent on the cooling curve, which may indicate the presence of an iron sulfide such as 
pyrrhotite. Since pyrrhotite is seen in thin section, it is assumed that this signal originates from 
an iron sulfide. The heating curves are colored by deformation level of the sample, with darkest 
grey representing the most deformed sample and lightest grey the least deformed. The heating 
curves indicate that the most deformed samples have the lowest magnetic susceptibility and the 
least deformed the highest, which corroborates the results from the bulk magnetic susceptibility 
data. 
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Figure 12: Heating curves for five samples (4, 28, 34, 44, 46, Figure 3) taken from across the 
laccolith margin and sills for Curie Point thermal analyses. The solid lines indicate the heating 
path, while the dashed lines indicate the cooling path. The shade of the line indicates the level of 
deformation the sample experience. Darker greys represent areas with higher amounts of 
deformation, while lighter greys represent less deformation. 
Anisotropy of Magnetic Susceptibility 
AMS analyses were used to determine the orientation of the magmatic fabrics throughout 
the laccolith and the fringing sills. From the oriented block samples, 47 were used. The block 
samples were cored, and the cores cut into 1-inch diameter, and 1-inch long specimens using the 
drill press and tile saw at Iowa State University, with two to eight specimens made for each 
block sample. Due to varying degrees of weathering and deformation of the rocks, only certain 
samples could be used for theses analyses. The samples were chosen based on their ability to be 
drilled, and their size to provide the number of cores necessary for analysis. The core specimens 
were analyzed at the University of Wisconsin – Madison using an AGICO Kappabridge KLS-3 
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magnetic susceptibility bridge. The data acquired there were then plotted using Anisoft42. We 
then analyzed the orientations of the K1 and K3 axes, which correlate with the orientations of 
magmatic lineations and the poles to the foliation plane, respectively. We also analyzed the 
degree of anisotropy (Pj) and shape parameter (T) using a Jelinek plot to determine if there was 
any observable trend of oblate or prolate fabrics. The AMS data for each sample used can be 
found in Table 8 in the Appendix. 
The anisotropy of magnetic susceptibility (AMS) data collected reveals that the magnetic 
fabrics in the laccolith and fringing sills vary depending on their location in the laccolith. At the 
base of the laccolith and fringing sills and in sill No. 1 distal from the transition, the foliation 
plane is predominantly sub horizontal with some clustering of the K3 axis (Figure 13). There 
does not appear to be any pattern to the K1 axis, which would indicate the direction of magma 
flow. In areas showing Level 1 and 2 deformation, the foliation plane varies greatly from sub 
horizontal to sub vertical, with no distinguishable pattern (Figure 13). The K1 and K3 axes also 
vary significantly in these areas. 80% of the K3 inclinations (which corresponds to the pole to 
the foliation plane) have a standard deviations (1σ) that lies within 10⁰ of the average orientation, 
while 57% have a standard deviation that lies within 5⁰ of the average orientation. 82% of the K1 
inclinations (which corresponds to the lineation and thus the direction of magma flow) have a 
standard deviation (1σ) that lies within 10⁰ of the average orientation, while 65% are under 5⁰ of 
the average orientation. These standard deviations support the observed orientations of the 
foliation plane, indicating that there are strong foliation fabrics. The degree of anisotropy (Pj) 
ranges from 1.0042 to 1.0768, and the shape parameter (T) ranges from -0.565 to 0.5296, but 
there does not seem to be a spatial trend regarding oblate or prolate fabrics, nor any correlation 
with deformation level. (Figure 14).  
 
Figure 13: The AMS foliation plotted along transects at the base of the laccolith, as well as lower hemisphere stereoplots showing the 
orientations of K1, K3, and the foliation plane plotted on the lower schematic from Figure 3. 
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Figure 14: A Jelinek plot showing the shape parameter (T) versus degree of anisotropy (Pj) from 
the AMS data. The shade of the dot indicates the level of deformation the sample experience. 
Darker greys represent areas with higher amounts of deformation, while lighter greys represent 
less deformation. 
Image Analysis 
Image analysis was used to determine the Shape Preferred Orientation (SPO) of diopside 
and pseudoleucite phenocrysts aligned parallel to magma flow during emplacement. These 
orientations can then be compared to the AMS data, which similarly determines the orientation 
of primary magnetite grains aligned parallel to flow direction. A total of 31 thin sections oriented 
vertically and parallel to the radius of the laccolith (325°), parallel to the kinematic cross-section, 
were analyzed using this method. Photomicrographs of the whole thin sections were taken at the 
University of Wisconsin – Madison using a macroscope (Figure 15a). The diopside and 
pseudoleucite phenocrysts were outlined by hand using Adobe Illustrator (Figure 15b). The 
outlines were then processed using ImageJ by isolating the outlines and creating ellipsoids for 
each phenocryst. Then, the average orientation, area, perimeter, and shape descriptors of each 
38 
ellipse were calculated. A rose diagram presenting the average orientations for each thin section 
was plotted in MATLAB (Figure 15c). The image analysis data for each sample can be found in 
Table 9 in the Appendix. 
Results from the image analysis indicate that the fabric of the phenocrysts are largely sub 
horizontal, with maximum angles of ~24 degrees above horizontal and of ~25 degrees below 
horizontal, as shown in Figure 15c.  The orientation of these phenocrysts largely agrees with the 
AMS data from the relatively undeformed regions where the fabrics are mostly sub horizontal. 
Statistical analyses show that 18% of the orientations of the major axis of the phenocrysts (which 
corresponds to the direction of magma flow) have a standard deviation (1σ) that is between 40⁰ 
and 50⁰ of the average orientation, 43% is between 51⁰ and 60⁰ of the average, and 39% is 
between 61⁰ and 70⁰ of the average. The phenocrysts measured for these analyses represent 
magmatic orientations and may have undergone simple-shear induced rotations, scattering the 
orientations, and causing the large standard deviations observed.  
Figure 15: a) A photomicrograph of a full thin section in PPL used for Image Analysis. b) Traces 
of phenocrysts from the thin section microphotograph for Image Analysis. c) A rose diagram 
showing the largely sub-horizontal orientations of the phenocrysts. 
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CHAPTER 5.    THERMAL MODELLING 
Thermal models of the Shonkin Sag laccolith and its fringing sills were performed using 
Heat3D. The objective of this modeling component is to determine the validity of a single-pulse 
versus multiple-pulse models, as well as to determine the duration of emplacement. Heat3D is a 
numerical algorithm which employs an explicit finite differencing scheme to solve the 
conductive and convective heat flow of a cooling magma body. While Heat3D does not allow for 
a detailed geometrical replication of the SSL, we were able to approximate the geometry of the 
SSL and its fringing sills by creating a general model geometry of a 70 m thick laccolith 
transitioning into five fringing sills of varying thicknesses.  In a first step, we run multiple 
models to determine the sensitivity of various input parameters. Once the model parameters have 
been constrained, we compare four different emplacement scenarios. 
Testing Parameters 
For the initial intrusion temperature, solidus temperature, specific heat of the 
magma (Robertson, 1988; Congdon, 1991), the density, specific heat, and thermal conductivity 
of the surrounding sandstone (Manger, 1963; Robertson, 1988), and the geothermal gradient 
(Gunderson, 2011), values from previous studies were used. As an approximate value for the 
density and thermal conductivity of the magma could not be determine, we used two end 
member values (Robertson, 1988; Congdon, 1991) for each and ran a series of thermal models to 
determine the effect of varying these values. Three different model geometries were used, a 
single-pulse, which emplaces all the magma instantaneously, a double-pulse, which begins by 
emplacing an initial sill, then the rest of the magma once the sill cools to the solidus, and a triple-
pulse model, emplacing three pulses over time, each one after the prior cooled to the solidus. For 
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each of these three geometries, we tested each combination of the various parameters, resulting 
in four different models per model geometry, or twelve total scenarios.  
This systematic testing illustrated that the effects of changes in the thermal conductivity 
and density of the magma have no effect on the cooling time (Table 2). The average cooling time 
for the single-pulse model was 29.66 years with a standard deviation (1σ) of 2.04 years. For the 
double-pulse model, the average was 2.23 years with a standard deviation (1σ) of 0.16 years for 
the first pulse and 26.30 years with a standard deviation (1σ) of 1.96 years for the second pulse. 
For the triple-pulse model, the average was 2.23 years with a standard deviation (1σ) of 0.16 
years for the first pulse, 10.41 years with a standard deviation (1σ) of 0.79 years for the second 
pulse, and 19.65 years with a standard deviation (1σ) of 1.71 years for the third pulse. Due to 
their minimal effect, these parameters were averaged and kept constant in all future models. 
Uncertainties were not reported for the initial intrusion temperature, solidus temperature, thermal 
conductivity and specific heat of the magma and sandstone, density of the sandstone, and 
geothermal gradient, which may increase uncertainties in the resulting cooling times. For the 
density of the magma, no uncertainty was reported for the lower endmember of 2584 kg/m3, but 
the higher endmember of 2608 kg/m3 has an uncertainty of +/- 29 kg/m3. The geothermal 
gradient is reported to have an uncertainty of +/- 0.0020 ⁰C/m. Based on the results of the 
parameter tests, these uncertainties are expected to have a negligible effect on the cooling time. 
 


























Temperature (C) 1140 1140 1140 1140 1140 1140 1140 1140 1140 1140 1140 1140 
Cooling Time: 








- - - - - - - - 20.96 17.89 21.71 18.03 
Total Cooling 
Time (Years) 31.28 27.53 32.07 27.74 30.47 26.31 30.81 26.50 34.49 29.53 35.34 29.76 
Density of 
sandstone (kg/m3) 2200 2200 2200 2200 2200 2200 2200 2200 2200 2200 2200 2200 
Specific heat of 





4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 
Density of magma 
(kg/m3) 2584 2584 2608 2608 2584 2584 2608 2608 2584 2584 2608 2608 
Specific heat of 
magma (J/kg K) 1490 1490 1490 1490 1490 1490 1490 1490 1490 1490 1490 1490 
Thermal 
conductivity of 
magma (W/m K) 
1.5 1.8 1.5 1.8 1.5 1.8 1.5 1.8 1.5 1.8 1.5 1.8 
Geothermal 
gradient (C/m) 0.0268 0.0268 0.0268 0.0268 0.0268 0.0268 0.0268 0.0268 0.0268 0.0268 0.0268 0.0268 
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Determining the Maximum and Minimum Emplacement Times 
We ran four models with varying model geometries to test the validity of the different 
emplacement models. These models also provide an estimate for the duration of emplacement 
and total time after emplacement for differentiation to occur before the laccolith solidifies. Like 
the models used for the parameter testing, these model geometries include a single-pulse, double-
pulse, and triple-pulse model. The fourth model geometry is a variation of the triple pulse model, 
in which the third pulse is emplaced once the solidus front has reached the boundary of observed 
deformation, instead of letting the second pulse cool to the solidus entirely. These two triple-
pulse models will then yield a potential minimum and maximum duration of emplacement. We 
refer to the model in which the second pulse is only partially cooled as the minimum triple-pulse 
model and the other as the maximum triple-pulse model. All model input parameters are listed in 
Table 3.  
Table 3: Parameters used for the emplacement time models. 
Starting Temperature 1140 C 
Density of Sandstone 2200 kg/m3 
Specific Heat of Sandstone 930 J/kg K 
Thermal Conductivity of Sandstone 4.8 W/m K 
Density of Magma 2596 kg/m3 
Specific Heat of Magma 1490 J/kg K 
Thermal Conductivity of Magma 1.65 W/m K 
Geothermal Gradient 0.268 C/m 
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In the single-pulse model the laccolith and fringing sills were emplaced all at once, then 
letting the entire magma body cool to the solidus (Figure 16). The single pulse model cooled to 
the solidus in 28.77 years (Table 4). It took the solidus 4.866 years to reach the interior margin of 
the deformation zone, implying that the observed deformation could not have formed by a 
singular pulse, as the magma would still be molten during emplacement and could not have 
sustained brittle deformation. Since the magma emplaced in one pulse, all the magma would 
have been emplaced at time zero, and the interior of the laccolith would have had 28.77 years to 
differentiate. 
Figure 16: Stills of the initial and end results of the single-pulse model, with the solidus marked 
in white. Color indicates the temperature. 
For the double-pulse model, sill No. 1 is initially emplaced, then cooled to the solidus so 
it can sustain solid-state deformation, as observed in the field. Once this temperature is reached, 
the rest of the laccolith and fringing sills are emplaced in a second pulse, and the entire model is 
cooled to the solidus (Figure 17). The double pulse model emplaces and cools to the solidus in 
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27.60 years. It takes the first pulse 2.06 years to cool to the solidus and an additional 25.53 years 
after the second pulse to cool the entire magma body to the solidus (Table 4). While this model 
accounts for deformation in sill No. 1, it takes 4.325 years for the solidus to reach the interior 
margin of the deformation zone for the remainder of the sill-laccolith transition. This results in a 
similar problem as with the single-pulse model, as the magma would not cool rapidly enough to 
sustain the observed deformation. This model indicates that all the magma emplaces in 2.06 
years, and the interior of the laccolith has 25.53 years to differentiate. 
Figure 17: Stills of the initial and end results of the double-pulse model, with the solidus marked 
in white. 
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For the triple-pulse model, sill No. 1 is again initially emplaced, and cooled to the solidus 
so it can sustain solid-state deformation, as observed in the field. The top third of the laccolith 
along with sills No. 2 and 3 is then emplaced. To determine the minimum and maximum 
duration of emplacement time the third pulse is modeled to emplace at two different times. For 
the minimum emplacement time, the third pulse is emplaced when the second pulse has cooled 
enough so that the solidus is aligned with the westernmost edge of the deformation zones 
observed in the field and depicted in Figure 18. This allows only part of the second pulse in the 
laccolith and all the previously emplaced fringing sills to experience solid-state deformation. For 
the maximum emplacement time, the third pulse is emplaced after the second pulse has cooled to 
the solidus (Figure 18), allowing the entire second pulse to sustain solid-state deformation. The 
first pulse yielded the same cooling time for both situations, 2.06 years. 
For the minimum triple-pulse model, the second pulse takes 1.351 years for the solidus to 
reach the margin of the deformation zone. At that time, the third and final pulse is emplaced, 
meaning that all the magma has been emplaced within 3.411 years. It takes 21.34 years after that 
point for the model to cool to the solidus, during which the laccolith interior could have 
differentiated. The combined cooling times results in a cumulated minimum emplacement and 
cooling time for the triple-pulse model of 24.75 years (Table 4). 
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Figure 18: Stills of the initial and end results of the minimum-time triple-pulse model, with the 
solidus marked in white. 
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Figure 19: Stills of the initial and end results of the maximum-time triple-pulse model, with the 
solidus marked in white. 
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For the maximum triple-pulse model, the second pulse takes 10.03 years to cool to the 
solidus, after which the third and final pulse is emplaced (Figure 19). From this time, it takes the 
model 15.36 years to cool to the solidus, during which the interior of the laccolith differentiates. 
The cumulated maximum emplacement and cooling time for the triple-pulse model is then 27.42 
years (Table 4).  
The minimum triple-pulse model would provide the least amount of time for the interior 
of the laccolith to differentiate after all the magma has emplaced. Both of the triple-pulse models 
also share the same problem with the one and two pulse models in that a part of the deformation 
zone would not exhibit deformation where it is seen in the field. This can be remedied by 
acknowledging that there was less deformation, and some nearly undeformed zones in the middle 
of the sill-laccolith transition, and an emplacement history with more than three pulse may 
predict a more accurate deformation pattern when compared to field observations. 
Table 4: Cooling times for each pulse in the emplacement models. 








Pulse One Cooling 
Time (Years) 
28.77  
(s = 2.04) 
2.06  
(s = 0.16) 
2.06  
(s = 0.16) 
2.06  
(s = 0.16) 
Pulse Two Cooling 
Time (Years) 
25.54  
(s = 1.96) 
1.35  
(s = 0.79) 
10.03  
(s = 0.79) 
Pulse Three Cooling 
Time (Years) 
21.34  
(s = 1.71) 
15.34  
(s = 1.71) 
Total time (Years) 28.77 27.60 24.75 27.42  
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CHAPTER 6.    DISCUSSION 
By combining field observations with magnetic analyses, thin section analyses, and 
thermal modeling, we were able to determine that the SSL was not emplaced in one, rapid event, 
as predicted by previous researchers (Osborne, 1931; Larsen et al., 1935; Barksdale, 1937, 1952; 
Hurlbut, 1939; Edmond, 1976; Congdon, 1991). Instead, we propose that the SLL was emplaced 
in increments, in which a minimum of seven pulses of magmatism allowed new magma to 
deform previously emplaced and newly crystallized igneous rock at the margins of the laccolith. 
Thermal models predict that this emplacement process occurred over the course of 
approximately three years. Once the entirety of the magma was emplaced, it then took another 
~21 years for the whole laccolith to cool to the solidus, during which the interior of the laccolith 
differentiated by crystal settling. We support our emplacement model by combining our data set 
with simple relative age dating principles.  
Evidence for Multiple Pulses 
The emplacement features preserved in the more rapidly cooled margins of the laccolith 
and the surrounding sedimentary rock allows us to assume that the complex deformation patterns 
observed in the field and supported by magnetic and thin section analyses were a direct result of 
new pulses of magma deforming previously emplaced magma that had cooled beneath the 
solidus. These features would likely not have formed under the condition of a single-pulse of 
magma emplacing the SSL and its fringing sills, as there would be no solid-state deformation 
because the duration of emplacement would be more rapid than the cooling time. We assume that 
areas that show higher amounts of deformation likely formed early in the emplacement process. 
By combining the detailed field observations with extensive analysis of field photographs and 
drone footage supported by magnetic and thin section analyses, we used cross-cutting 
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relationships to separate the complex deformation patterns into different events associated with 
pulses of magma. Once distinct pulses can be interpreted from the deformation patterns, an 
emplacement model for the SSL can be made. 
As previously stated, the bottom of the laccolith shows significant levels of deformation, 
and displays a horizontal and continuous basal contact which continues past the sill-laccolith 
transition to form the basal contact of sill No. 1 (Figure 3). Because of the horizontal and 
continuous nature of this contact which lies parallel to the bedding planes of the surrounding 
sedimentary rock, we assume that this is the earliest pulses of magma, or Pulse 1 (Figure 20a). 
The intruding magma, which is under high pressure, will always flow in the direction of least 
resistance, which is parallel to the bedding plane in flat lying sedimentary rocks. This sill, or sill 
No. 1, exhibits an internal contact separating the bottom three meters from the rest of the sill, 
which indicates that sill No. 1 formed by the accumulation of two pulses (Figure 6c). Pulse 1 
would have formed the bottom three meters of the sill, while a second pulse, Pulse 2, intruded 
later, along the weakness between the initial sill and country rock contact, and formed the upper 
layer (Figure 20b). The upper layer of this sill increases in thickness with proximity to the 
laccolith, which we interpret to indicate that the laccolith inflated from sill No. 1. While initially 
the path of least resistance for the intruding magma would have been parallel to the bedding 
planes of the sedimentary rock, once significant uplift has occurred, the path of least resistance 
switches to vertical inflation of the existing magma intrusion. Furthermore, sill No.1 displays 
low-angle faults that intersect at 60⁰/120⁰, which can be explained as a result from a horizontal 
compressional force, such as the intrusion of more magma from the interior of the laccolith 
emplacing radially and horizontally outwards (Figure 6c). The presence of increasing thickness 
of sill No. 1 and its low angle faults support the argument that these pulses were emplaced early, 
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because the sill had to have been completely crystallized to be fractured by further pulses of 
magma pushing outward from the growing laccolith.   
Sill No. 4 appears to have intruded concordantly into the country rock and does not cross-
cut any other feature. Instead, it is cross-cut by the tangential subvertical faults and the main 
thrust fault, therefore it had to be emplaced prior to these deformation events. The western 
portion of the sill was likely uplifted by the laccolith after being truncated by a tangential 
subvertical fault, and subsequently eroded away. We assume that it was emplaced at the same 
time as Pulse 1 (Figure 20a). 
The top of the laccolith, near the sill-laccolith transition, displays multiple levels of high 
amounts of deformation separated by distinct features, such as internal contacts and faults 
(Figure 3). The topmost layer, which is bounded above by the upper laccolith and country rock 
contact and below by a margin-parallel contact, displays high amounts of deformation (Figure 
6a). Intense deformation is also observed in the second and third step of the sill-laccolith 
transition and in sill No. 2 (Figure 7e).  The second and third step along with the western side of 
sill No. 2 are bounded by the two major tangential, subvertical faults described previously 
(Figure 3). By accounting for displacement along these subvertical faults, it can be determined 
that the topmost highly deformed layer, the first and second step, and sill No. 2 were once level 
with one another, and likely intruded together in a sill-like fashion. Below this topmost layer lies 
a thick layer of moderately to highly deformed rock, bound by the margin-parallel contact above 
and a fault-contact below. The high amount of deformation in this region implies that the rock 
here emplaced relatively early on in the emplacement process, shortly after the sill No. 1 and the 
basal contact was established, and prior to the main inflation of the laccolith. The thickness of 
the country rock between sills No. 1 and 2 is approximately the same as the thickness of the 
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moderately to highly deformed layer, which underlies the topmost layer. This can be interpreted 
to indicate that the moderately to highly deformed layer intruded as Pulse 3 shortly after Pulses 1 
and 2 as a result of inflation (Figure 20c). Once Pulse 3 emplaced, Pulse 4 intruded above Pulse 
3 in a sill-like fashion, forming the topmost layer and sill No. 2 and deforming Pulse 3 (Figure 
20d).  
The area of less deformed rock between Pulse 3 and Pulse 4 represents the magma that 
emplaced last. The large, sub-horizontal fault-contacts in this area represent the contacts between 
a minimum of three different pulses of magma that intruded as tabular sheets. The bottommost 
pulse lies beneath the main thrust fault and displays moderate amounts of deformation. The next 
pulse lies above the main thrust fault, is bounded by a similar sub-horizontal fault-contact above 
it, displaying low amounts of deformation. The uppermost pulse is similarly bound by sub-
horizontal fault-contacts and exhibits low deformation away from the sill-laccolith transition, but 
moderate amounts of deformation near the transition. The upper- and bottommost sheets of this 
middle section continue past the sill-laccolith transition to sills No. 3 and 5, respectively, 
indicating that these sills emplaced at the same time as the pulses they are associated with 
(Figure 4). Based on the varying levels of deformation observed in these distinct layers, we argue 
that the bottommost pulse was the first of the middle pulses to intrude, or Pulse 5 (Figure 20e). 
This layer of magma, along with sill No. 5, intruded shortly after Pulses 3 and 4 emplaced, 
deforming the recently crystallized igneous rock above and below it. Once this Pulse 5 had 
emplaced and cooled, the uppermost middle pulse and sill No. 3, or Pulse 6, emplaced, 
deforming Pulse 5 (Figure 20f). Lastly, the middle pulse, Pulse 7, emplaced, creating the 
deformation observed in Pulse 6, further deforming the Pulse 5, and displacing the block of 
country rock and sills proximal to the laccolith along the main thrust fault (Figure 20f).  
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Figure 20: Emplacement diagram of the Shonkin Sag laccolith. The different pulses are labeled 
and shaded in grey, with the darkest grey pulses being emplaced first, and the pulses becoming a 
progressively lighter shade of grey as the emplace, with the lightest shade being the pulse 
emplaced last. Arrows indicate the direction of magma flow. A) Sills No. 1 and 4 emplace. B) 
Magma emplaces along sill No. 1, inflating near the magma source and up bending the overlying 
country rock. C) Inflation continues in the laccolith, and failure occurs in the country rock, 
forming a tangential, subvertical fault. D and E) Sills No. 2 and 5 subsequently emplace into the 
low-pressure zone formed by differential uplift proximal to the laccolith. F) A final wave of 
magmatism causes inflation in the laccolith, which promotes the formation of more tangential, 
subvertical faults and of the main thrust fault, all of which accommodate block thrust of the 
country rock next to the laccolith. G) A drone image of the kinematic cross section of the sill-
laccolith transition, displaying the end morphology of the laccolith after emplacement. 
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Emplacement Model for the SSL 
The evidence of deformation and multiple pulses of magmatism preserved at the margins 
of the laccolith and determined by cross-cutting relationships has allowed us to reconstruct the 
history of emplacement of the SSL. This emplacement process can be broken into three main 
stages: initial magmatism, establishment of the laccolith footprint, and inflation of the laccolith 
and emplacement of fringing sills. The concept of multi-stage laccolith growth was introduced 
by Hunt et al. (1953) after studying the laccoliths in the Henry Mountains, UT. Hunt et al. (1953) 
proposed a two-stage growth model, with an initial stage of horizontal spreading of a basal sill, 
then a second stage of vertical inflation of the basal sill. Our model includes two stages but 
introduces a third stage which aids in the establishment of the vertical uplift mechanisms. 
The first stage of initial magmatism begins as the bottom three meters of sill No. 1 and 
sill No. 4 intrude by Pulse 1 into the country rock (Figure 20a). This magmatism is likely due to 
increased activity associated with the same deep melting event sourcing the Highwoods Volcanic 
Center, located southwest of the SSL. Assuming the sills are fed from a simple feeder, such as a 
dike, we presume the magma spreads out radially to form a circular geometry. 
Continued magmatism induces the second stage, in which the laccolith footprint is 
established. During this phase, more magma forms Pulse 2, and emplaces above sill No. 1, along 
the weakness of the country rock – sill contact. Assuming that magma is still spreading radially 
outwards, the area of the circular intrusion increases as a square of the radius. This results in the 
advancement rate of magma slowing distally, provided the rate of magma input from the feeder 
remains constant. As the magma travels, it loses heat to the surrounding country rock, and the 
cooling rate increases as the advancement rate decreases. Once the sill has reached a critical area 
at which it can sustain uplift of the overlying country rock due to Pascal’s Principal (Morgan, 
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2018), inflation occurs near the feeder of the sill, establishing the footprint of the laccolith 
(Figure 20b). This inflation can be observed at the field site in sill No. 1, as the sill increases in 
thickness proximal to the laccolith, indicating that it had gradually inflated. Uplift at this point in 
time is accommodated by bending of the country rock, parallel to the top contact of sill No. 1 
(Figure 3).  
Once the footprint of the laccolith has been established, the final stage, vertical inflation 
of the laccolith and emplacement of the fringing sills, begins. The vertical inflation that 
dominates this stage is accommodated by motion along tangential subvertical faults instead of 
bending of the surrounding country rock. This uplift mechanism has been described as a 
characteristic trait for bysmaliths, indicating that the SSL is hybrid of a bysmalith and a laccolith, 
as mentioned by Hurlbut (1939). As Pulse 3 emplaces into the system, further inflation of the 
newly formed laccolith causes a failure in the country rock, forming the first tangential 
subvertical fault, observed on the eastern edge of the second step at the field site (Figure 20c, 
Figure 3). Up bending in the country rock due to inflation causes a low-pressure zone to form in 
the country rock next to the laccolith as the strata is lifted upwards, and allows for sills No. 2 and 
5 to emplace into this zone of weakness as Pulses 4 and 5 intrude, respectively (Figure 20d,e). 
Pulses 6 and 7 then emplace causing further inflation of the laccolith. These two pulses likely 
intruded in rapid succession, as they are distinctly separated by a fault-contact. This inflation 
induces movement along the first tangential, subvertical faults, and the initiation of a second, 
tangential, subvertical fault, observed separating the first and second step, and the formation of 
the main thrust fault (Figure 3). These three faults accommodate the bulk of the upward and 
outward thrusting of the block of country rock and sills proximal to the laccolith (Figure 20f). 
During Pulse 6, sill No. 3 is able to emplace into the low-pressure zone proximal to the laccolith. 
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Sill No. 3 lies below sill No. 2 on the western side of the fault, but over sill No. 2 on the eastern 
side of the fault, implying that sill No. 3 formed after sill No. 2 had been displaced by the main 
thrust fault. Sill No. 3 displays evidence of deformation from shearing near the fault and is 
dragged downward on the western side of the fault. This indicates that sill No. 3 emplaced during 
the period of time that the main thrust fault was active.  
It is during this last phase of inflation and block thrusting that the ‘staircase’ geometry is 
able to form, due to differential uplift along the various major faults (Figure 20g). The uppermost 
step is lifted upwards by vertical inflation, while the block of sills and country rock bounded by 
the two tangential, subvertical faults drop downwards relative to the first step. The third step is 
formed by the intrusion of new magma, and the emplacement of sill No. 3, while the fourth and 
bottommost step is similarly formed by the intrusion of new magma.  
We hypothesize that during the last stage of emplacement, the differential uplift between 
the more rapidly inflating laccolith and the country rock proximal to the laccolith due to up 
bending and displacement along tangential, subvertical faults due to inflation of the laccolith 
forms a low-pressure zone in the country rock. Fringing sills are more likely to emplace into this 
low-pressure zone, allowing the continued emplacement of fringing sills during laccolith 
inflation. This mechanism of sill emplacement implies that fringing sills would likely not 
emplace once the uplift mechanism becomes predominately accommodated by subvertical 
faulting instead of up bending of the country rock.  
The emplacement model presented by Hurlbut (1939) assumes that the laccolith 
emplaced in one rapid event, with the fringing sills emplacing synchronously. He argues that sills 
No. 1 and 2 emplaced first, followed by sills No. 3, 4 and 5, basing the order off of cross-cutting 
relationships. While this method has some validity, it overly simplifies the emplacement features 
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preserved at the margins and does not account for all of the features observed. The model we 
present predicts that sills No. 1 and 4 emplaced first, followed by sills No. 2, 5, and 3, 
respectively. This model accounts for the cross-cutting relationship of various features, the 
geometries of the sills relative to the laccolith, and differing levels of deformation observed at 
the field site. It also provides an explanation for why the CM is not observed at the top of the 
laccolith. Pulses 1, 2, and 3 likely provided enough heat to the country rock that when Pulse 4 
emplaced at the top of the laccolith, there was not a strong enough temperature gradient to create 
the rapidly cooled CM, resolving the discrepancies in Congdon’s (1991) model. 
Rock Fabric and Magnetic Analyses 
Thin sections support the field evidence of multiple waves of magmatism, documenting 
magmatic fabrics, multiple cooling textures, fault surfaces, and fault gouge. While most of the 
thin sections display magmatic fabrics formed as the magma cooled and preserved textures 
formed by magma flow, in thin sections taken from samples displaying deformation features, 
such as the fault gouge and fault surfaces, deformation fabrics are observed confirming that these 
features formed by solid-state deformation. The multiple cooling textures juxtaposed against 
each other observed near the interior of the sill-laccolith transition from samples of the fault-
contacts and magma mingling imply that there were multiple pulses of magma which cooled at 
different rates. Without multiple pulses of magma, these features would be unable to form, as 
they require that magma to be emplaced, cool for a period of time, and then have more magma 
intrude to create the contacts and solid-state deformation observed. 
The use of bulk magnetic susceptibility measurements in the field aids in the 
confirmation of emplacement and deformation features which may be difficult to distinguish 
otherwise, as they are often depleted of magnetic minerals due to fluid flux. The features of this 
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kind observed at the SSL were confirmed by the use of bulk magnetic susceptibility 
measurements, as they displayed significant drops in the amount of magnetic susceptibility along 
these features. Furthermore, the distinct decrease in magnetic susceptibility in areas of low 
deformation compared to areas of high deformation verified the presence of deformation zones. 
The AMS and image analysis data also support the evidence of deformation from 
multiple waves of magmatism preserved in the margins. Magmatic fabrics observed in most of 
the thin sections indicate that the fabrics characterizing the samples were formed by magma 
flow. The results of the AMS and image analysis data then exhibit the flow direction of the 
magma at the time of emplacement. If the magma emplaced in one pulse, there would likely be 
organized fabrics at the margin, displaying fabrics oriented either radially away from the center 
of the laccolith in the case of laminar flow, or fabrics oriented parallel to the contact of the 
laccolith with the country rock, as expected of the case of pipe flow (Paterson et al., 1998). 
Instead, the fabrics are randomized in areas of high deformation and are oriented sub-
horizontally in areas of low deformation. The image analysis and AMS data largely agree, with 
the exception of areas where there is evidence of high amounts of solid-state deformation, 
primarily the top of the laccolith. This deformation provides an explanation for the scattered 
fabrics in these areas. The patterns of the AMS and image analysis data then support the 
argument that the fabrics originally were oriented sub-horizontally, radial to the center of the 
laccolith, but were subsequently rotated out of this orientation due to deformation caused by 
emplacing magma. The areas showing the most disorganized fabrics correlate with the pulses 
that were expected to emplace first, and experience the most deformation, while the areas with 




We utilized a thermal model to determine the plausibility of a single pulse model versus a 
multiple pulse model. This allows us to determine the compatibility of the different models with 
the differentiation model (Hurlbut, 1939). Hurlbut argues that the interior of the laccolith 
remained above the solidus long enough to differentiate by crystal settling. By using these 
models, we can constrain the duration of emplacement as well as the total time over which 
differentiation may have occurred. One limitation is that the model only enables us to allow the 
basal sill to cool from outside in. We cannot set preferential cooling from right to left, as would 
be expected to actually occur if more magma from the feeder was introducing hot magma into 
the system from the left. This model also assumes instantaneous emplacement of magma, which 
is not realistic.   
Of the four thermal models used to determine the duration of magma emplacement and 
total cooling time of the laccolith, the minimum triple-pulse model was most plausible. This 
model produces cooling patterns that allow for the rapidly cooled/deformation zones that we 
observe in the field to form, while maintaining a molten interior to the laccolith. While the 
maximum triple-pulse model also allows for the cooling patterns and the observed deformation 
zones to form, the minimum triple-pulse model allows for the minimum emplacement duration 
and maximizes the time that the laccolith has to differentiate.  
Congdon (1991) also attempts to constrain the time it took for the laccolith to cool. He 
utilized a one-dimensional quantitative thermal model to evaluate the rate of purely conductive 
cooling with latent heat considered, resulting in a maximum time of six to eight years for cooling 
to occur given a one-pulse scenario. Our model for a one-pulse scenario predicts a cooling time 
of ~ 29 years, almost five time longer than that expected by Congdon. 
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The single pulse model fails as a plausible model in that it does not allow for deformation 
to occur at the margins. The volume of magma emplaced has enough latent heat that the margins 
of the laccolith would remain above the solidus for a minimum of two years after it emplaced. 
Therefore, no deformation would be sustained given the duration of magma emplacement was 
less than two years. The double pulse model has a similar problem, in that the basal sill would 
deform when the second pulse emplaces, but there would not be rapid enough cooling in the 
second pulse, at the top of the laccolith, for the deformation observed there to occur. The thermal 
model best supports an emplacement model in which three or more pulses of magma occur, 
creating numerous deformation zones of varying intensity, which is consistent with the observed 
deformation zones and internal contacts. 
The duration of emplacement of the SSL agrees with the data from various active 
volcanic sites. Castro et al. (2016) records the emplacement of a laccolith during the 2011 
eruption of Cordón Caulle (0.8 km3) over the course of a month, while the cryptodome (0.11 
km3) which induced the 1980 eruption of Mt. St. Helens accumulated over the course of three 
months (Lipman and Mullineaux, 1981). While our data shows that the SSL (0.3 km3) emplaced 
over a period of three years, the evidence of multiple pulses of magma and results from thermal 
models show that the magmatism at the SSL was periodic. Each pulse of magma at the SSL 
would have emplaced over a period of a few days to months, with weeks to months of rest 
between pulses. In this way, the cryptodome building event prior to the 1980 eruption at MSH 
represents one of these short periods of activity. The laccolith associated with the 2011 Cordón 
Caulle, Chile eruption provides an exception, in that it is of similar size to the SSL, but emplaced 
much more rapidly, over the course of a month instead of a few years. This rapidness is 
attributed to the concurrent eruption that instigated the emplacement of the laccolith. 
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CHAPTER 7.    IMPLICATIONS 
The research presented in this thesis shows that evidence of multiple pulses of magma 
can be preserved in small magma bodies and reinforces the need to study fossilized magma 
chambers to further understand magma emplacement processes. The understanding that these 
shallow magma bodies may form in multiple pulses over the course of a few months to years can 
aid in the monitoring of magma bodies in active volcanic settings. By combining the three-stage 
growth model and estimates in duration of emplacement with data on recent ground deformation, 
it may be possible to model the location and size of magma bodies more accurately in active 
settings. In doing so, researchers may be able to better predict and mitigate geohazards 
associated with the rapid uplift due to the emplacement of shallow magma bodies. 
Future work based on the implications of this research could include further refining the 
comparisons of fossilized magma chambers to active volcanic systems. This could include the 
incorporation of field work similar to the work done at the SSL at other fossilized intrusions of 
varying size and rheology to further understand these variables and their effect on emplacement 
processes. Another step is to further improve the thermal modelling tools available by allowing 
for more complex model geometries and incorporating the ability to inject new magma into the 
system as the model is running. This will allow more accurate emplacement models of fossilized 
magma chambers to be created, which can then be compared with present-day magma bodies 
detected by geophysical methods such as gravimetry and geodesic surveys. Lastly, the 
hypothesis that fringing sills emplace as a result of differential uplift between the laccolith and 
country rock should be studied in more depth, as it may play a role in the greater expansion of 
magma bodies, and contribute to the extensive ground deformation that may be associated with 
these shallow intrusions. 
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CHAPTER 8.    CONCLUSION 
The Shonkin Sag laccolith is a simple laccolith with no associated tectonic deformation, 
making it the optimal location to study emplacement processes. We determined that the rapidly 
cooled margins of the laccolith preserved evidence of multiple pulses of magmatism during the 
emplacement process, contrary to the one pulse model that was argued by previous researchers 
(Osborne, 1931; Larsen et al., 1935; Barksdale, 1937, 1952; Hurlbut, 1939; Edmond, 1976; 
Congdon, 1991). By ignoring the margins of the laccolith and instead treating the SSL as an 
infinite sheet, previous researchers did not observe evidence crucial to the emplacement history 
of the laccolith, as the differentiation process with which they were concerned overprinted 
emplacement features after the emplacement process ended.  
The use of multiple methods combined with knowledge of the formation of the 
differentiated layers allow us to construct a well-informed emplacement history for the SSL. Our 
hypothesis is supported by the cross-cutting relationships of observed internal contacts, different 
types of faulting, varying deformation levels recorded in the margins of the laccolith, its fringing 
sills, and the surrounding country rock. Combined with thermal modelling techniques, we were 
able to determine that the laccolith emplaced in a minimum of seven waves of magmatism over 
the course of approximately three years. The margins of the laccolith rapidly cooled, preserving 
this evidence, while the interior of the laccolith remained molten due to latent heat and heat from 
new magma injected into the system. Any evidence of emplacement to be overprinted by 
differentiation within the interior as it slowly cooled to the solidus over the course of ~ 21 years. 
From this research, we were able to develop a three-stage emplacement model in which 1) a 
basal sill intrudes, 2) begins to uplift, bending the overlying strata, establishing the footprint of 
the laccolith, and 3) vertically inflates once a system of faults can accommodate uplift.  
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The understanding of the mechanics and the duration of emplacement of magma bodies 
such as the SSL may allow more accurate modelling and predictions to be made to intrusions of 
similar sizes, such as the laccolith that formed during the 2011 eruption of Cordón Caulle, Chile 
and the cryptodome that instigated the 1980 eruption of Mt. St. Helens (Lipman and Mullineaux, 
1981; Castro et al., 2016). 
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APPENDIX     SUPPLEMENTARY TABLES 
Table 5: Block sample data, including the sample number used for this thesis and publication, the former sample number used when 
collecting samples in the field, the general location/description of the sample, and whether the sample was used for thin section, image 
analysis, AMS, and/or Curie Point thermal analyses. 
Sample Number Former Sample 
Number 
Location/Description Thin Section Image Analysis AMS Curie Point 
1 19SS201 Top of laccolith N N Y N 
2 19SS202 Top of laccolith N N Y N 
3 19SS203 Top of laccolith N N Y N 
4 19SS301 Top of laccolith Y Y Y Y 
5 19SS302 Top of laccolith Y Y Y N 
6 19SS304 Top of laccolith N N Y N 
7 19SS303 Top of laccolith/Fault gouge Y N N N 
8 19SS305 Top of laccolith N N Y N 
9 19SS306 Top of laccolith Y Y Y N 
10 19SS307 Top of laccolith N N Y N 
11 19SS308 Top of laccolith Y Y Y N 
12 19SS309 Top of laccolith/Margin parallel contact Y N N N 
13 19SS401 Below top of laccolith N N Y N 
14 19SS402 Below top of laccolith N N Y N 
15 19SS403 Below top of laccolith Y Y Y N 
16 19SS404 Below top of laccolith N N Y N 
17 19SS405 Below top of laccolith Y Y Y N 
18 19SS501 Below top of laccolith Y Y Y N 
19 19SS502 Below top of laccolith N N Y N 
20 19SS503 Below top of laccolith Y Y Y N 
21 19SS505 Below top of laccolith Y Y Y N 
22 19SS406 Interior of laccolith N N Y N 
23 19SS506 Interior of laccolith Y Y Y N 
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24 19SS507 Interior of laccolith N N Y N 
25 19SS508 Interior of laccolith Y Y Y N 
26 19SS509 Interior of laccolith Y Y Y N 
27 19SS510 Interior of laccolith Y Y Y N 
28 19SS511 Interior of laccolith N N Y Y 
29 19SS512 Interior of laccolith Y N N N 
30 19SS513 Interior of laccolith N N Y N 
31 19SS514 Interior of laccolith Y Y Y N 
32a 18SS01T Base of laccolith Y Y Y N 
32b 18SS01B Base of laccolith Y Y Y N 
33 19SS609 Base of laccolith Y Y Y N 
34 19SS610 Base of laccolith Y Y Y Y 
35 19SS606 Base of laccolith Y Y Y N 
36 19SS607 Base of laccolith Y Y Y N 
37 19SS608 Base of laccolith Y Y Y N 
38 18SS02a Base of laccolith Y Y Y N 
39 18SS02b Base of laccolith Y Y Y N 
40 18SS02c Base of laccolith Y Y Y N 
41 19SS604 Base of laccolith N N N N 
42 19SS605 Base of laccolith N N Y N 
43 19SS601 Sill No. 5 Y Y Y N 
44 19SS602 Sill No. 5 Y Y Y Y 
45 19SS603 Sill No. 5 Y Y Y N 
46 19SS312 Sill No. 1 N N Y Y 
47 19SS311 Sill No. 1 Y Y Y N 
48 19SS310 Sill No. 1 N N Y N 
49 19SS701 Sill No. 4 N N Y N 
50 19SS702 Sill No. 4 N N Y N 




Table 6: Bulk magnetic susceptibility data, including the transect number, the location along the transect, the value of each 
measurement at a given location (five to ten measurements per location), and the average value per location (Figure 21). 
Transect Location 1 2 3 4 5 6 7 8 9 10 Average St. Dev. 
0 18SS02a 8.94 8.69 9.00 8.88 8.96 8.85 8.96 9.46 8.79 8.33 8.886 0.267 
0 18SS02b 11.0 10.9 11.3 11.1 10.0 10.2 10.8 11.4 11.9 11.3 10.990 0.534 
0 18SS02c 7.52 8.05 7.72 7.6 7.23 7.78 7.65 7.97 7.58 7.95 7.705 0.225 
1 1 20.0 17.9 20.4 19.0 18.8 - - - - - 19.220 0.805 
1 2 9.98 16.3 15.7 14.8 11.3 13.7 14.8 - - - 13.797 1.515 
1 3 7.3 4.03 3.63 4.51 4.75 4.7 - - - - 4.820 0.434 
1 4a 13.7 13.0 13.6 18.9 14.9 18.8 18.6 18.6 - - 16.263 2.321 
1 4b 5.20 8.90 8.51 9.70 8.42 8.47 - - - - 8.200 0.493 
1 4c 6.73 6.06 6.02 5.01 3.77 - - - - - 5.518 0.844 
1 5 9.63 9.45 10.1 10 11.2 - - - - - 10.076 0.570 
1 6 2.46 3.45 3.61 3.54 3.42 3.38 - - - - 3.310 0.099 
1 7 4.80 5.10 5.42 4.4 5.44 5.23 - - - - 5.065 0.348 
1 8 0.438 0.328 0.331 0.29 0.369 - - - - - 0.351 0.026 
1 9a 3.31 3.51 2.96 3.27 3.15 - - - - - 3.240 0.179 
1 9b 5.27 4.40 3.66 3.99 3.84 - - - - - 4.232 0.265 
1 10a 6.97 6.82 6.54 6.54 6.78 - - - - - 6.730 0.119 
1 10b 11.1 12.0 11.9 12.4 13.1 11.8 - - - - 12.050 0.440 
1 11a 9.63 10.6 10.3 10.4 10.7 - - - - - 10.326 0.158 
1 11b 5.15 4.68 4.27 3.61 3.59 3.23 - - - - 4.088 0.485 
1 11c 4.22 5.19 4.83 5.02 5.15 - - - - - 4.882 0.142 
1 11d 10.3 9.23 9.87 8.67 10.0 10.4 - - - - 9.745 0.560 
1 12a 9.87 13.3 13.0 13.0 13.1 12.2 - - - - 12.412 0.392 
1 12b 0.54 0.608 1.43 0.711 1.06 - - - - - 0.870 0.291 
2 1 0.346 0.322 0.296 0.298 0.361 - - - - - 0.325 0.024 
2 2 3.41 3.31 2.92 2.59 4.04 3.92 - - - - 3.365 0.511 
2 3 3.41 3.44 3.25 3.34 3.26 3.34 - - - - 3.340 0.063 
2 4 4.58 4.77 4.13 4.68 5.30 5.09 - - - - 4.758 0.365 
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2 5 1.47 1.15 1.08 1.22 1.14 1.25 1.14 - - - 1.207 0.054 
2 6 1.72 1.77 1.32 1.55 1.86 1.7 - - - - 1.653 0.173 
3 1 0.213 0.236 0.229 0.223 0.209 - - - - - 0.222 0.009 
3 2 0.418 0.458 0.452 0.456 0.486 - - - - - 0.454 0.013 
3 3 3.56 3.97 3.36 3.52 4.03 - - - - - 3.688 0.257 
3 4 1.31 1.36 1.34 1.22 1.23 - - - - - 1.292 0.056 
3 5 0.523 0.58 0.651 0.429 0.729 0.672 0.635 - - - 0.603 0.088 
3 6 0.987 0.971 0.909 0.936 0.942 - - - - - 0.949 0.020 
3 7 2.62 2.72 2.97 2.9 3.13 3.02 - - - - 2.893 0.126 
3 8 4.68 4.51 4.25 5.23 4.94 4.93 - - - - 4.757 0.317 
3 9 2.48 2.62 2.72 2.72 2.69 - - - - - 2.646 0.040 
3 10 4.95 4.58 4.89 5.27 4.39 4.48 - - - - 4.760 0.294 
3 11 4.15 4.54 4.82 4.66 4.56 - - - - - 4.546 0.107 
4 1 2.46 2.82 3.25 2.49 2.44 - - - - - 2.692 0.290 
4 2 4.08 3.65 4.70 4.44 3.76 - - - - - 4.126 0.397 
4 3 5.56 4.99 4.22 4.40 4.12 - - - - - 4.658 0.315 
4 4 0.302 0.30 0.246 0.332 0.363 - - - - - 0.309 0.039 
4 5 0.222 0.301 0.328 0.36 0.368 - - - - - 0.316 0.026 
4 6 3.19 3.96 4.02 3.64 3.92 3.28 - - - - 3.668 0.253 
4 7 2.70 2.17 2.81 2.73 2.81 - - - - - 2.644 0.239 
4 8 4.63 4.75 4.85 4.73 4.84 - - - - - 4.760 0.049 
4 9 2.16 2.60 2.57 1.99 2.49 2.28 - - - - 2.348 0.208 
4 10 5.72 5.89 5.23 5.43 6.07 - - - - - 5.668 0.303 
4 11 2.93 3.21 2.83 2.87 3.15 - - - - - 2.998 0.149 
4 12 0.344 0.366 0.317 0.369 0.335 - - - - - 0.346 0.019 
4 13 0.428 0.312 0.331 0.416 0.423 0.487 - - - - 0.400 0.059 
4 14 0.317 0.326 0.326 0.309 0.352 - - - - - 0.326 0.014 
5 1 7.84 7.51 7.66 7.65 7.39 - - - - - 7.610 0.102 
5 2 14.3 16.8 15.8 16.1 16.2 - - - - - 15.840 0.359 
5 3 21.9 21.0 18.7 20.9 20 - - - - - 20.500 0.838 




6 2 4.13 3.29 3.19 3.16 2.98 - - - - - 3.350 0.127 
6 3 5.05 4.61 4.74 5.16 5.29 - - - - - 4.970 0.253 
6 4 8.58 7.53 7.59 6.05 7.59 7.9 - - - - 7.540 0.602 
6 5 3.53 4.35 3.88 4.21 4.15 - - - - - 4.024 0.160 
6 6 1.69 1.89 1.56 1.39 1.37 - - - - - 1.580 0.187 
7 1 0.723 0.724 0.69 0.689 0.612 - - - - - 0.688 0.037 
7 2 2.26 3.16 3.29 3.00 3.38 - - - - - 3.018 0.149 
7 3 2.31 2.57 2.46 2.28 2.39 2.49 - - - - 2.417 0.090 
7 4 2.05 2.19 2.11 2.20 2.15 - - - - - 2.140 0.033 
7 5 0.761 0.558 0.613 0.561 0.512 - - - - - 0.601 0.036 
7 6 2.05 1.99 1.96 1.96 1.91 - - - - - 1.974 0.027 
7 7 2.44 2.50 2.69 2.13 2.20 - - - - - 2.392 0.203 
7 8 5.6 6.03 6.25 6.12 6.30 6.27 - - - - 6.095 0.101 
7 9 0.45 0.488 0.451 0.431 0.449 - - - - - 0.454 0.019 
7 10 1.85 2.29 2.14 2.29 2.28 - - - - - 2.170 0.065 
7 11 6.68 6.93 6.95 6.86 6.82 - - - - - 6.848 0.050 
7 12 8.00 8.35 7.16 7.5 7.91 - - - - - 7.784 0.399 
7 13 10.0 9.48 9.92 9.67 8.99 - - - - - 9.612 0.307 
7 14 4.35 4.55 4.29 3.95 4.22 4.68 - - - - 4.340 0.234 
8 1 0.378 0.429 0.376 0.361 0.387 - - - - - 0.386 0.023 
8 2 5.84 6.31 6.07 6.05 6.05 - - - - - 6.064 0.101 
8 3a 2.44 2.37 2.35 2.37 2.42 - - - - - 2.390 0.024 
8 3b 5.15 5.75 5.76 6.64 5.95 - - - - - 5.850 0.333 
8 4a 5.49 5.83 5.38 5.32 6.03 - - - - - 5.610 0.268 
8 4b 10.4 10.1 11.6 10.3 10.2 - - - - - 10.520 0.546 
8 5 14.1 13.7 13.6 13.5 13.5 - - - - - 13.680 0.085 
9 1 2.72 3.59 3.77 3.55 3.78 - - - - - 3.482 0.120 
9 2 0.314 0.321 0.34 0.349 0.337 - - - - - 0.332 0.009 
9 3 1.85 1.89 1.84 1.94 1.90 - - - - - 1.884 0.032 
9 4 0.355 0.357 0.363 0.327 0.363 - - - - - 0.353 0.013 




9 6 0.218 0.222 0.223 0.227 0.22 - - - - - 0.222 0.002 
9 7 1.65 2.15 2.10 2.35 1.82 - - - - - 2.014 0.173 
9 8 0.27 0.285 0.263 0.278 0.255 - - - - - 0.270 0.011 
9 9 7.33 6.40 6.35 6.59 5.88 - - - - - 6.510 0.248 
9 10 0.529 0.507 0.406 0.452 0.504 - - - - - 0.480 0.038 
10 1L 11.2 11.0 10.6 10.8 11.3 - - - - - 10.980 0.232 
10 1M 18.1 16.5 17.7 16.6 17.7 17.5 - - - - 17.350 0.493 
10 1R 11.2 9.40 9.15 9.58 9.45 10.2 - - - - 9.830 0.336 
10 2L 10.5 10.9 10.6 10.5 9.78 - - - - - 10.456 0.368 
10 2M 15.5 16.3 17.1 18.0 16.3 - - - - - 16.640 0.638 
10 2R 7.71 7.09 7.49 7.36 7.53 - - - - - 7.436 0.156 
10 3 20.4 18.2 20.7 20.8 20 - - - - - 20.020 0.933 
10 4 14.6 13.6 13.1 12.9 13.7 13.3 - - - - 13.533 0.285 
10 5 4.85 4.66 4.44 4.44 4.43 - - - - - 4.564 0.091 
11 1 3.44 3.75 3.68 3.42 3.73 - - - - - 3.604 0.120 
11 2 0.987 1.06 0.996 0.99 0.99 - - - - - 1.005 0.026 
11 3 3.41 3.55 3.44 3.21 3.41 - - - - - 3.404 0.110 
11 4 6.70 8.05 8.05 8.03 7.43 - - - - - 7.652 0.256 
11 5 6.53 5.60 6.37 6.58 6.93 - - - - - 6.402 0.436 
11 6 10.3 10.0 10.3 10.5 10.3 - - - - - 10.280 0.160 
11 7 6.79 6.93 6.79 6.97 6.75 - - - - - 6.846 0.083 
11 8 3.78 3.77 3.61 3.67 3.64 - - - - - 3.694 0.054 
12 1 6.87 8.79 9.08 9.44 7.86 9.04 - - - - 8.513 0.502 
12 2 4.17 5.28 4.22 4.73 4.47 - - - - - 4.574 0.354 
12 3 0.515 0.518 0.49 0.488 0.465 0.908 - - - - 0.564 0.153 
12 4 1.26 1.19 1.19 1.29 1.20 - - - - - 1.226 0.038 
12 5 0.942 0.933 0.969 0.955 0.989 - - - - - 0.958 0.018 
12 6 0.599 0.602 0.597 0.613 0.509 - - - - - 0.584 0.037 
12 7 7.17 6.46 6.51 7.08 6.14 - - - - - 6.672 0.307 
12 8 11.3 10.8 10.7 10.9 10.6 10.1 - - - - 10.733 0.258 




13 2 5.99 5.88 5.94 6.36 6.30 - - - - - 6.094 0.190 
13 3 7.12 7.10 5.97 4.67 7.13 6.27 - - - - 6.377 0.825 
13 4 6.67 6.26 6.82 6.87 7.16 - - - - - 6.756 0.291 
13 5 5.10 4.59 4.95 5.04 4.25 5.05 - - - - 4.830 0.285 
13 6 2.54 2.37 2.27 2.16 2.07 - - - - - 2.282 0.104 
13 7 6.75 6.00 6.69 6.77 5.59 - - - - - 6.360 0.440 
13 8 6.09 6.73 6.79 6.66 6.86 - - - - - 6.626 0.085 
14 1 9.82 10.3 11.6 10.3 10.6 9.4 - - - - 10.337 0.646 
14 2 6.44 6.12 6.39 7.99 6.45 - - - - - 6.678 0.657 
14 3 7.92 7.8 7.32 8.06 7.22 - - - - - 7.664 0.309 
15 1 15.7 17.2 16.1 16.7 17.3 - - - - - 16.600 0.435 
15 2 12.1 12.1 11.6 10.8 9.60 11.6 - - - - 11.300 0.801 
15 3 23.0 20.5 17.7 18.2 18.5 - - - - - 19.580 1.011 
15 4 8.58 8.25 7.90 7.48 7.06 - - - - - 7.854 0.406 
15 5 13.0 11.4 11.4 11.7 11.6 - - - - - 11.820 0.166 
15 6 14.5 15.9 16.5 16.3 16.9 - - - - - 16.020 0.357 
15 7 13.2 9.9 11.8 9.88 11.0 11.5 - - - - 11.213 0.743 
15 8 2.90 3.00 2.74 3.41 3.31 - - - - - 3.072 0.237 
16 1 12.1 12.9 12.7 12.6 12.1 - - - - - 12.480 0.266 
16 2 11.6 9.60 9.70 8.78 8.54 - - - - - 9.644 0.491 
16 3 9.14 9.80 9.57 9.78 9.56 - - - - - 9.570 0.110 
16 4 2.66 2.71 2.77 2.69 2.33 - - - - - 2.632 0.155 
17 1 3.26 2.86 3.05 2.96 2.89 - - - - - 3.004 0.070 
17 2 23.4 24.5 25.0 24.5 24.4 - - - - - 24.360 0.231 
17 3 15.8 15.2 15.5 15.6 15.7 - - - - - 15.560 0.169 
17 4 18.3 18.8 19.9 18.7 20.5 - - - - - 19.240 0.683 
17 5 20.6 19.8 20.4 18.7 17.0 - - - - - 19.300 1.164 
17 6 16.9 19.2 18.9 18.9 18.8 - - - - - 18.540 0.212 




Figure 21: Location of the bulk magnetic susceptibility measurements. The measurements are labeled by their transect-location. 
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Oriented 35% phenocrysts, 60% 
matrix, 5% oxides/ 
sulfides 
70% euhedral mostly 
fractured augite (1-3 
mm), 25% euhedral 
pseudo leucite (1-2 mm), 





































Oriented 50% phenocrysts, 43% 
matrix, 7% oxides/ 
sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (55% euhedral 
augite (1-3 mm), 35% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 


















of 1-3 mm and sub 
mm phenocrysts 













Unoriented Fault gouge - glassy matrix 
with 2% secondary 
oxides/sulfides 




Fault gouge with 
scarce secondary 
oxides/sulfides 




Oriented 50% phenocrysts, 43% 
matrix, 7% oxides/ 
sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 













of 1-3 mm and sub 
mm phenocrysts 






augite (1-3 mm), 35% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 















Oriented 50% phenocrysts, 43% 
matrix, 7% oxides/ 
sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (55% euhedral 
augite (1-3 mm), 35% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 















of 1-3 mm and sub 
mm phenocrysts 













Unoriented 60% phenocrysts, 35% 
matrix, 5% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (50% euhedral 
augite (1-3 mm), 40% 
euhedral pseudo leucite 
(1-2 mm), 20% 
subhedral to anhedral 














Sample taken from 
internal contact. 
Bimodal distribution 
of 1-3 mm and sub 
mm phenocrysts 








15 Second zone 
below the top 
contact of the 
laccolith 
Oriented 60% phenocrysts, 35% 
matrix, 5% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (50% euhedral 
augite (1-3 mm), 40% 
subhedral to anhedral 














of 1-3 mm and sub 
mm phenocrysts 













17 Second zone 
below the top 
contact of the 
laccolith 
Oriented 55% subhedral pseudoleucite 
(sub mm to 2 mm), 25% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 15% 
subhedral to euhedral augite 
(1-3 mm), 5% subhedral 
oxides/sulfides 












18 Second zone 
below the top 
contact of the 
laccolith 
Oriented 55% subhedral pseudoleucite 
(sub mm to 2 mm), 25% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 15% 
subhedral to euhedral augite 
(1-3 mm), 5% subhedral 
oxides/sulfides 












20 Second zone 
below the top 
contact of the 
laccolith 
Oriented 45% subhedral pseudoleucite 
(sub mm to 2 mm), 30% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 20% 
subhedral to euhedral augite 
(1-3 mm), 5% subhedral 
oxides/sulfides 









border is a fault. 
Clasts fracture with 




21 Second zone 
below the top 
contact of the 
laccolith 
Oriented 45% subhedral pseudoleucite 
(sub mm to 2 mm), 43% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 7% 
subhedral to euhedral augite 
(1-3 mm), 5% subhedral 
oxides/sulfides 














23 Middle of the 
laccolith near 
the laccolith-
Oriented TWO ROCK TYPES: 
Shonkinite: 45% subhedral 
pseudoleucite (sub mm to 2 
Bimodal size distribution 
of phenocrysts: 55% 













sill transition mm), 43% subhedral to 
euhedral biotite (sub mm to 2 
mm), 7% subhedral to 
euhedral augite (1-3 mm), 
5% subhedral 
oxides/sulfides. CM: 55% 
phenocrysts, 40% matrix, 5% 
oxides/sulfides 
pseudoleucite (sub mm), 
40% subhedral biotite 
(sub mm)) 45% large 
(55% euhedral pseudo 
leucite (1-2 mm), 45% 









to the contact. Oxide 
grain size decreases 
from sub-1 mm to 
sub mm from the 
shonkinite to the 
CM 




Oriented 55% subhedral pseudoleucite 
(sub mm to 2 mm), 25% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 15% 
subhedral to euhedral augite 
(1-3 mm), 5% subhedral 
oxides/sulfides 














Oriented 40% subhedral pseudoleucite 
(sub mm to 2 mm), 43% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 7% 
subhedral to euhedral augite 
(1-3 mm), 10% subhedral 
oxides/sulfides 














Oriented TWO ROCK TYPES: 
Shonkinite: 45% subhedral 
pseudoleucite (sub mm to 2 
mm), 43% subhedral to 
euhedral biotite (sub mm to 2 
mm), 7% subhedral to 
euhedral augite (1-3 mm), 
5% subhedral oxides/sulfides 
CM: 55% phenocrysts, 40% 
matrix, 5% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (60% euhedral 
pseudoleucite (sub mm), 
40% subhedral biotite 
(sub mm)) 45% large 
(55% euhedral pseudo 
leucite (1-2 mm), 45% 


















to the contact. Oxide 
grain size decreases 
from sub-1 mm to 
sub mm from the 
shonkinite to the 
CM 
29 Middle of the 
laccolith near 
Unoriented TWO ROCK TYPES: 
Shonkinite: 45% subhedral 
Bimodal size distribution 












pseudoleucite (sub mm to 2 
mm), 43% subhedral to 
euhedral biotite (sub mm to 2 
mm), 7% subhedral to 
euhedral augite (1-3 mm), 
5% subhedral oxides/sulfides  
CM: 55% phenocrysts, 40% 
matrix, 5% oxides/sulfides 
small (60% euhedral 
pseudoleucite (sub mm), 
40% subhedral biotite 
(sub mm)) 45% large 
(55% euhedral pseudo 
leucite (1-2 mm), 45% 






shonkinite and CM. 
Abrupt contact 
separated by a fault, 
with a thin 
pegmatite layer on 
the shonkinite side. 
The CM shows 
cataclasis with 
proximity to the 
contact. 




Oriented 50% phenocrysts, 43% 
matrix, 7% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (55% euhedral 
augite (1-3 mm), 35% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 














 Top border is a 
fault. Clasts fracture 




32a Basal contact 
of laccolith 
Oriented 35% phenocrysts, 60% 
matrix, 5% oxides/sulfides 
70% euhedral augite (1-3 
mm), 25% euhedral 
pseudo leucite (1-2 mm), 





















32b Basal contact 
of laccolith 
Oriented 35% phenocrysts, 60% 
matrix, 5% oxides/sulfides 
65% euhedral augite (1-3 
mm), 25% euhedral 
pseudo leucite (1-2 mm), 































32c Basal contact 
of laccolith 
Oriented 33% phenocrysts, 60% 
matrix, 7% oxides/sulfides 
55% euhedral augite (1-3 
mm), 35% euhedral 
pseudo leucite (1-2 mm), 





























33 15 ft west of 6-
8, 5 ft lower 
Oriented 53% subhedral pseudoleucite 
(sub mm to 2 mm), 25% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 15% 
subhedral to euhedral augite 
(1-3 mm), 7% subhedral 
oxides/sulfides 













34 5 ft lower than 
6-8
Oriented 53% subhedral pseudoleucite 
(sub mm to 2 mm), 25% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 15% 
subhedral to euhedral augite 
(1-3 mm), 7% subhedral 
oxides/sulfides 













35 Middle of 
circumferential 
wall, ~10 ft 
high 
Oriented 50% phenocrysts, 43% 
matrix, 7% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 65% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 
biotite (1-2 mm)), 35% 
small (80% euhedral to 














of 1-3 mm and sub 
mm phenocrysts 








mm), 20% euhedral 
augite (sub mm)) 45% 
large (55% euhedral 





36 Middle of 
circumferential 
wall, ~5 ft 
high 
Oriented 50% phenocrysts, 43% 
matrix, 7% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (55% euhedral 
augite (1-3 mm), 35% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 














of 1-3 mm and sub 
mm phenocrysts 









37 Middle of 
circumferential 
wall, ~1 ft 
high 
Oriented 50% phenocrysts, 45% 
matrix, 5% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (55% euhedral 
augite (1-3 mm), 35% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 














of 1-3 mm and sub 
mm phenocrysts 









38 Base of 
laccolith-sill 
transition 
Oriented 50% phenocrysts, 43% 
matrix, 7% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (55% euhedral 
augite (1-3 mm), 35% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 














of 1-3 mm and sub 
mm phenocrysts 











39 Base of 
laccolith-sill 
transition 
Oriented 48% phenocrysts, 42% 
matrix, 10% oxides/sulfides 
65% euhedral augite (1-3 
mm), 28% euhedral 
pseudo leucite (1-2 mm), 























40 Base of 
laccolith-sill 
transition 
Oriented 55% phenocrysts, 40% 
matrix, 5% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (60% euhedral 
pseudoleucite (sub mm), 
40% subhedral biotite 
(sub mm)) 45% large 
(55% euhedral pseudo 
leucite (1-2 mm), 45% 













of 1-3 mm and sub 
mm phenocrysts 
oriented in a 
magmatic matrix. 








43 Top of cross-
cutting sill 
Oriented 55% subhedral pseudoleucite 
(sub mm to 2 mm), 25% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 15% 
subhedral to euhedral augite 
(1-3 mm), 5% subhedral 
oxides/sulfides 











44 Middle of 
cross-cutting 
sill 
Oriented 50% phenocrysts, 43% 
matrix, 7% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 65% 
euhedral pseudo leucite 
(1-2 mm), 10% 
subhedral to anhedral 
biotite (1-2 mm)), 35% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 















of 1-3 mm and sub 
mm phenocrysts 











augite (1-3 mm)  deformed CM. 
45 Base of cross-
cutting sill 
Oriented 55% subhedral pseudoleucite 
(sub mm to 2 mm), 25% 
subhedral to euhedral biotite 
(sub mm to 2 mm), 15% 
subhedral to euhedral augite 
(1-3 mm), 5% subhedral 
oxides/sulfides 













47 Base of sill 
No. 1, outside 
of deformation 
zone 
Oriented 60% phenocrysts, 30% 
matrix, 10% oxides/sulfides 
Bimodal size distribution 
of phenocrysts: 55% 
small (80% euhedral to 
subhedral biotite (sub 
mm), 20% euhedral 
augite (sub mm)) 45% 
large (50% euhedral 
augite (1-3 mm), 40% 
subhedral to anhedral 
biotite (1-2 mm), 20% 
subhedral pseudoleucite 














of 1-3 mm and sub 
mm phenocrysts 









from the center 
of the laccolith 
Unoriented 55% 1-3 mm euhedral 
leucite, 20% 1 mm - 3 cm 
euhedral radial augite, 20% 1 
mm - 1 cm euhedral biotite, 
5% sub-2 mm euhedral to 
subhedral oxides/sulfides 







with large radial 
augites and biotites 
suspended in leucite. 





Table 8: AMS data for each sample, including the number of specimens per sample (n), the declination (Dec) and inclination (Inc) of 
the maximum (K1), intermediate (K2), and minimum (K3) susceptibility axes, the mean susceptibility (Km), the degree of anisotropy 
(Pj), the shape parameter (T), the degree of magnetic lineation (L), and the degree of magnetic foliation (F). 
Sample 
Number 
n Dec/Inc K1 Conf. 
Angles 
Dec/Inc K2 Conf. 
Angles 








1 8 41.2/40.2 19.4/5.1 185.3/46.8 19.7/7.7 287.3/47.8 8.9/4.8 3.75E-03 3.73E-04 1.008 0.001 0.122 0.429 
2 6 158.8/73.4 19.8/5.9 148.2/51.3 19.7/13.3 317.0/31.9 13.5/6.5 9.47E-03 1.70E-03 1.007 0.001 -0.029 0.450
3 5 264.4/18.2 9.5/1.3 156.9/35.0 29.2/4.7 14.3/49.1 29.1/7.9 1.09E-02 1.69E-03 1.006 0.001 -0.138 0.268
4 4 197.3/60.7 18.3/5.0 177.3/22.9 17.8/12.7 345.5/24.7 19.5/6.5 3.21E-03 7.22E-04 1.014 0.003 -0.001 0.436
5 6 54.6/4.8 12.9/1.2 49.6/15.8 12.9/9.6 178.2/81.9 9.8/2.4 5.88E-03 1.14E-03 1.012 0.003 0.333 0.220 
6 4 289.5/9.5 14.7/4.2 160.4/5.6 16.4/1.7 161.5/73.0 2.6/2.3 6.86E-03 4.39E-04 1.009 0.003 0.396 0.141 
8 2 241.0/40.5 19.3/13.0 85.7/23.5 30.0/3.0 35.3/49.3 0.2/4.0 1.03E-02 1.02E-03 1.004 0.000 0.309 0.027 
9 6 184.2/68.1 34.7/6.0 260.9/14.7 36.1/16.2 339.4/18.8 11.5/4.7 1.23E-02 8.83E-04 1.005 0.001 0.008 0.500 
10 9 76.7/67.0 16.0/5.4 89.5/15.9 28.7/15.8 285.2/21.3 28.7/5.7 1.37E-02 2.12E-03 1.010 0.002 -0.131 0.363
11 7 230.9/17.8 12.3/4.7 238.8/33.7 12.2/2.8 151.0/88.8 5.2/2.2 1.04E-02 9.99E-04 1.011 0.001 0.445 0.189 
13 3 93.1/35.9 14.2/20.2 176.1/21.2 6.0/10.1 240.8/46.2 24.1/11.7 2.40E-03 2.23E-03 1.012 0.002 -0.244 0.432
14 6 193.2/74.4 45.0/12.4 151.6/19.4 49.7/6.6 267.6/31.4 32.4/12.3 1.06E-02 8.26E-04 1.021 0.003 -0.369 0.219
15 4 30.9/78.0 47.8/4.8 288.1/7.4 37.5/3.5 196.6/25.6 36.6/3.8 1.20E-02 4.76E-03 1.008 0.003 -0.565 0.134
16 4 69.3/70.4 19.7/2.0 257.6/5.2 9.8/4.0 258.4/19.7 10.2/3.0 2.10E-02 2.43E-03 1.027 0.002 -0.174 0.309
17 4 93.1/33.9 2.9/0.5 272.0/53.2 10.0/4.0 93.8/35.0 10.2/3.0 1.87E-02 1.39E-03 1.017 0.002 -0.474 0.148
18 4 73.8/59.8 34.3/20.3 172.8/30.7 39.2/15.7 276.2/45.6 23.2/8.5 1.49E-02 2.30E-03 1.028 0.003 -0.548 0.065
19 2 38.3/59.8 8.6/1.5 170.0/13.2 0.3/2.2 249.5/26.4 0.6/2.9 9.10E-03 9.58E-04 1.004 0.000 0.139 0.331 
20 5 147.2/83.9 48.3/41.6 255.1/19.2 51.8/24.7 154.0/44.4 47.6/36.1 5.10E-04 4.26E-05 1.005 0.002 -0.112 0.556
21 7 156.6/49.0 22.8/4.1 183.3/28.0 21.9/4.6 336.9/42.7 8.2/4.6 1.51E-03 1.59E-03 1.030 0.012 0.148 0.427 
22 5 2.2/31.9 8.1/1.4 104.4/18.6 9.6/2.3 219.6/52.1 10.2/7.2 4.05E-03 3.26E-04 1.093 0.039 -0.051 0.206
23 6 18.8/15.2 8.8/3.7 226.1/5.5 41.0/8.0 282.7/45.3 41.0/3.5 2.29E-02 2.17E-03 1.015 0.001 -0.391 0.190
24 5 222.7/8.2 8.0/1.9 152.7/13.5 10.3/5.6 347.1/89.2 8.7/1.8 2.94E-02 2.49E-03 1.019 0.002 -0.329 0.277
25 6 323.0/10.6 22.7/4.5 242.1/48.1 68.3/22.6 202.6/68.3 68.3/4.2 2.07E-02 2.59E-03 1.008 0.003 -0.333 0.393
26 4 317.3/16.0 31.26/3.7 145.3/11.2 22.3/12.0 182.2/63.2 6.4/10.2 1.51E-02 2.49E-03 1.014 0.004 0.501 0.216 
27 6 48.1/7.5 8.6/3.2 153.7/55.7 11.9/8.5 281.7/77.0 12.1/2.3 1.88E-02 8.44E-03 1.015 0.004 -0.122 0.301
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28 4 41.1/5.1 11.4/1.0 216.8/7.4 12.6/19.4 107.4/77.4 28.3/19.1 1.86E-02 2.86E-03 1.010 0.001 0.202 0.263 
30 2 266.4/9.3 0.1/5.5 128.8/44.4 5.8/12.0 161.2/59.9 1.7/13.7 2.10E-02 3.84E-03 1.020 0.000 -0.001 0.354
31 4 46.6/8.1 2.8/1.6 106.7/24.2 2.3/4.0 179.7/85.4 35.9/3.8 2.02E-02 3.08E-03 1.030 0.003 -0.346 0.272
32a 4 294.0/35.0 7.3/3.3 101.7/3.9 12.9/3.5 115.6/59.2 24.2/3.8 2.94E-03 4.60E-04 1.028 0.013 -0.370 0.273
32b 4 282.119.1 2.6/2.5 114.8/8.8 2.3/1.5 100.1/70.8 11.9/2.7 2.97E-03 3.98E-04 1.022 0.007 -0.370 0.171
33 6 23.0/11.9 32.2/1.6 202.4/48.4 33.4/3.9 128.8/64.6 17.1/2.4 1.58E-02 3.09E-03 1.022 0.002 0.395 0.153 
34 3 164.1/16.2 32.4/19.6 279.9/28.8 40.6/6.9 228.6/79.8 10.6/19.7 1.70E-02 1.59E-03 1.011 0.002 0.438 0.194 
35 5 344.6/24.7 47.6/3.2 185.8/20.5 55.6/22.0 291.7/56.2 50.4/9.6 7.33E-03 6.86E-04 1.022 0.004 0.406 0.281 
36 6 322.8/8.5 13.3/4.9 145.6/53.4 14.0/11.5 109.3/86.8 13.3/4.7 5.94E-03 9.69E-04 1.006 0.001 0.067 0.228 
37 5 72.4/25.1 9.6/6.2 153.5/9.4 19.3/8.7 328.1/28.3 19.4/6.2 1.37E-02 1.33E-03 1.015 0.003 -0.215 0.170
38 4 91.1/21.2 14.1/2.7 188.9/19.4 14.9/3.2 319.1/62.1 17.7/3.9 1.76E-02 5.02E-04 1.018 0.002 0.490 0.083 
39 4 288.6/54.9 10.5/3.4 50.2/19.7 14.4/4.1 151.3/28.5 13.9/4.5 1.60E-02 7.40E-04 1.013 0.001 -0.210 0.113
40 4 322.2/39.3 20.4/12.4 207.3/25.1 29.3/27.4 107.5/48.6 28.6/18.6 1.39E-02 1.01E-03 1.018 0.002 0.177 0.139 
42 8 359.0/55.0 18.8/9.3 166.7/11.0 20.0/10.9 152.9/35.4 14.0/7.7 1.55E-02 1.78E-03 1.009 0.001 0.501 0.266 
43 8 12.3/17.0 20.3/3.5 270.8/33.0 20.7/5.9 122.1/49.7 7.9/4.5 1.57E-02 6.27E-04 1.018 0.002 0.481 0.187 
44 5 123.3/4.4 11.2/1.6 299.9/15.6 11.2/6.0 358.1/82.2 6.0/1.6 7.05E-03 4.54E-04 1.018 0.002 0.249 0.092 
45 5 297.4/25.0 29.6/6.0 177.8/6.8 29.2/8.8 88.6/64.4 10.4/6.8 1.50E-02 7.46E-04 1.015 0.007 0.530 0.158 
46 6 36.8/47.6 27.3/3.4 188.6/3.2 27.0/10.8 234.7/53.3 12.5/4.0 1.82E-02 1.28E-03 1.011 0.001 0.420 0.270 
47 6 8.9/20.9 9.8/1.5 141.7/15.1 9.8/6.9 199.7/69.4 7.1/2.2 2.29E-02 1.91E-03 1.008 0.001 0.481 0.179 
48 8 313.9/21.7 8.1/2.2 182.5/27.6 7.6/6.0 173.9/62.6 6.3/3.3 1.14E-02 9.99E-04 1.012 0.003 -0.114 0.124
49 6 264.4/18.7 15.4/5.6 128.8/56.6 16.0/11.0 167.5/28.3 13.1/7.7 2.76E-02 3.34E-03 1.012 0.002 -0.156 0.108




Table 9: Image analysis data for each sample, including the count of phenocrysts in each sample (Count), the total area of the 
combined phenocrysts (Total Area), the average size of the phenocrysts (Average Size), the percentage of the area of the thin section 
composed of phenocrysts (% Area), the combined length of the perimeters of the phenocrysts (Perimeter), the primary axis of the best 
fitting ellipse (Major), the secondary axis of the best fitting ellipse (Minor), the angle of the primary axis of the best fitting ellipse 
(Angle).  
Sample Number Count Total Area Average Size % Area Perimeter Major Minor Angle St. Dev. 
4 82 14901 181.72 1.617 6.142 18.167 11.666 83.708 57.751 
5 46 22122 480.913 2.4 6.821 29.771 18.925 104.089 56.988 
9 41 15604 380.585 1.693 5.528 28.928 16.344 101.811 53.452 
11 83 32767 394.783 3.555 5.722 27.703 16.694 77.529 61.046 
15 21 11775 560.714 1.278 8.009 36.512 19.367 86.668 46.538 
17 41 18937 461.878 2.055 6.519 30.344 17.821 91.614 54.590 
18 78 25723 329.782 2.791 4.809 25.59 15.178 85.213 62.931 
20 17 6696 393.882 0.727 5.659 28.777 16.796 98.068 57.041 
21 36 8724 242.333 0.947 3.593 21.303 13.787 96.824 50.595 
23 39 8994 230.615 0.976 3.538 20.155 13.506 74.154 47.290 
25 119 31848 267.63 3.456 3.938 22.662 13.71 89.635 48.048 
26 25 5366 214.64 0.582 3.209 20.161 11.665 98.797 55.000 
27 62 27355 441.21 2.968 6.273 30.324 16.927 89.942 45.301 
31 109 21929 201.183 2.379 2.987 19.191 12.017 93.687 56.331 
32a 62 34246 552.355 3.716 7.726 34.527 19.251 92.605 65.567 
32b 63 28650 454.762 3.109 6.545 31.404 17.518 106.09 66.638 
32c 93 30441 327.323 3.303 4.939 25.478 15.738 91.403 66.737 
33 64 30997 484.328 3.363 6.846 32.636 17.508 116.293 52.015 
34 64 29681 463.766 3.221 6.588 30.985 18.24 103.472 62.004 
35 54 25975 481.019 2.818 6.78 32.187 17.672 71.781 60.289 
36 33 14839 449.667 1.61 7.789 32.67 16.321 94.577 69.123 
37 51 17123 335.745 1.858 4.961 25.538 16.087 85.579 60.813 
38 41 20372 496.878 2.211 7.14 34.006 17.691 84.427 64.760 
39 72 28928 401.778 3.139 5.764 31.293 15.274 83.358 45.724 
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40 120 45137 376.142 4.898 5.493 26.191 17.112 95.817 50.967 
43 97 31877 328.629 3.459 4.585 24.406 14.991 79.059 54.456 
44 131 33991 259.473 3.688 4.568 20.737 14.542 92.443 58.757 
45 49 23510 479.796 2.551 6.78 35.365 16.586 65.969 57.816 
47 47 31495 670.106 3.417 9.34 39.339 19.765 77.957 61.542 
Table 9 (Continued)
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